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SUMMARY 
A chemical detoxification procedure has been developed to 
remove cyanide and zinc from gas scrubbing effluents originating in 
the production of iron and steel. High levels of cyanide were reduced 
to below 10 mgl'^ by complexation and precipitation with ferrous iron. 
These residual levels were further reduced to approximately 0.1 mgl ̂  
by oxidation of free cyanide with Caro's acid (peroxymonosulphuric acid), 
The various parameters affecting the removal efficiency of cyanide, 
including pH, aeration, temperature and dose rate, were evaluated and 
optimum conditions established. 
Similarly the variables affecting zinc removal, by adsorption 
onto complexed cyanide and hydrous ferric oxide precipitates were 
evaluated and optimised. 
Conditions for optimum cyanide and zinc removal were determined 
in seawater spiked with cyanide and zinc, and actual effluent collected 
from a nearby steelworks. 
The final stage of this project was concerned with construction 
and operation of a pilot plant in order to establish that the batch 
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USAGE OF SEAWATER IN THE STEEL INDUSTRY 
In the manufacture of steel, the role of water is a vital one, 
varying greatly with the geographical location and type of steel 
production plant concerned. The case in point in this project has 
been the Australian Iron and Steel (A.I.S.) complex situated on the 
south coast of New South Wales at Port Kembla; a complex commonly 
described as an "integrated steelworks" whereby all three of the major 
phases of production are incorporated on the one site. This integration 
has obvious advantages, some of the main ones being the reticulation of 
the fuel rich gas produced in coke manufacture for use as heating in 
blast furnace iron production, steelmaking operations and preheating of 
steel prior to rolling and final shaping. 
The three major phases of production mentioned above include the 
chemical reduction of oxides of iron (iron ore) in a reducing system 
(blast furnace) to produce a crude form of iron containing a liigh level 
of impurities; the chemical oxidation of these impurities to form a 
refined product called steel and finally the physical shaping and 
tempering of the steel into a marketable product. In a coastal steel-
making complex such as at Port Kembla (Figure 1 , page 2 ) the 
utilisation of seawater may be as high as 95% (Hodges, 1973) of the total 
water requirement of 185m^/tonne of steel (or 185 tonne/tonne steel). 
Some 30% of this total water requirement comes into contact with 
possible sources of contamination while the remaining 70% is used for 
secondary cooling and returned to the sea relatively unchanged except 
for an increase in temperature. 
Of the three major stages outlined in steel production, ironmaking 
(incorporating its associated raw material production), makes the largest 




A more significant fact, however, is that this 32^ makes up the 
majority of water that comes into direct contact with possible 
contaminants (estimated at 301 of total works water requiranents), 
predominantly by means of gas scrubbing. 
It is therefore the iron production side of steelmaking that we 
are concerned with in this project, for it is this section of the 
process that accounts for the majority of the contaminated effluents 
being discharged into the sea. The two main sources of these contaminated 
effluents are the blast furnace itself and the coke ovens by-products 
plant. 
The blast furnace is basically a vertical reduction chamber in 
which a mixture of iron ore, coke and limestone (continuously fed into 
the top of the furnace) is progressively heated while the ore is slowly 
reduced to metallic iron as it moves down the chamber against a positive 
pressure of preheated fuel-rich gas. 
Besides its value as a fuel, the coke acts as a source of 
elemental carbon to combine with oxygen from the ore burden, while the 
limestone melts to form a flux which accumulates much of the impurities 
of the original burden, such as sulphur, phosphorus, silica etc. The 
oxides of carbon formed during this process are removed with the rising 
gases through the furnace-top uptakes and because they are of some 
calorific value, are consequently cleaned before being reticulated around 
the steelworks. The gas leaving the top of the furnace contains large 
amounts of dust, due to the burden being dropped into the furnace and 
the updraft gases carrying fine particles up into the uptakes. Five 
tonnes of this gas is evolved for every tonne of iron produced. The gas 
is then passed through a dry collector where a change in direction and 
decrease in velocity cause the larger particles to drop out. Subsequent 
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Fig. 2 
treatment entails wet scrubbing in either a packed countercurrent 
spray tower or a venturi type high energy scrubber (Figure 2, 
page 4 ). It is during this process that the water soluble volatiles 
are removed from the gas, e.g. cyanide, sulphide, ammonia etc., 
along with the small size fractions of solids made up predominantly of 
particulate iron oxide, reduced iron and particulate zinc. Further 
cleaning of the gas is carried out in irrigated or spray type electro-
static precipitators. The effluents from these last two gas cleaning 
processes are fed into a common solids thickener for removal of the 
majority of the settleable material; the overflow is discharged directly 
into the drains and the underflow rethickened before the solids are 
dewatered by vacuum filtration. 
Coke used for the ironmaking process is obtained by heating coal 
in the absence of air to distill off the volatile organic and inorganic 
components, leaving carbon in the form of metallurgical coke. These 
volatile components in gaseous form are drawn off from the top of the 
ovens, cooled by means of countercurrent sprays in the primary gas 
coolers, before the tar fractions are removed in the tar precipitators. 
These primary gas coolers work on a closed recirculated system, which is 
cooled by a set of secondary saltwater heat exchangers. Ammonia is 
removed by scrubbing the gas from the tar precipitators with a 
sulphuric acid solution to form ammonium sulphate, a marketable by-product 
The gas has then to be cooled further, to below 30°, before removal of 
benzol and toluol fractions; this is achieved by using a once-through 
saltwater countercurrent gas scrubbing tower. The effluent from this 
scrubbing process is fed into a skimming tank for naphthalene removal 
before being discharged directly into the drains. Figure 3 depicts a 
typical coke ovens by-products gas cleaning system. 
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Saltwater requirements are withdrawn from Port Kembla harbour and 
are eventually returned there via Allen's Creek or direct discharge into 
the same body of water. 
EFFLUENT CHARACTERISTICS 
The effluents detailed previously both emanate from gas scrubbing 
operations located in blast furnace and coke ovens gas cleaning systems. 
The importance of adequately defining the characteristics of each effluent 
separately was a facet of this project which was given a great deal of 
attention, for only after this had been accomplished could a meaningful 
evaluation of any proposed treatment procedure be carried out. As well, 
a basic chemical and physical understanding of the medium being used is 
a prerequisite for choosing a process which will best suit the 
characteristics of the effluent. 
Both these effluent waters have certain common characteristics, 
chemical and physical, which can be attributed to the saline nature of 
the original inlet waters from the ocean. Sverdrup oX. at,,(1942) have 
shown in detail the variation in physical properties between seawater and 
natural waters; it suffices to note that the difference that is of major 
consequence is the physical parameter called salinity. This has been 
defined (Förch, 1902) as the total amount of solid material in grams 
contained in one kilogram of sea water when all the carbonate has been 
converted to oxide, the bromine and iodine replaced by chlorine, and all 
organic matter completely oxidised. This physical property is very 
important, as any variation in it can cause major changes in the physical 
properties of seawater, such as osmotic pressure, conductance and specific 
heat to list a few. 
Chemical properties, as implied in the above definition, are also 
dependent on the level of salinity, and this will be shown in more detail 
later on in this section. 
The major ions of seawater have been defined (Riley and Skirrow, 
1975) as those which make a significant contribution to the measured 
salinity; in practice those having a concentration greater than l.nigl 
Table 1 contains a list of these major elonents as they occur in 
normal seawater, giving an indication of the basic chemical composition 
of the seawater matrix. 
TABLE 1 
MAJOR IONIC S P E C I E S IN SEAWATER 
IONS MOLARITY MAJOR SPECIES 
Cl" 5.^6 X lO"̂  Cl" 
Na"̂  if.68 X 10"̂  Na^ 
5.32 -2 X 10 
SO," 2.82 -2 X 10 ̂  , NaSO^" 
Ca^^ 1 .02 -2 X 10 Ca^^ 
1.02 -2 X 10 K^ 
Br" ; K 10 ^ Br" 
F" 6.8 ; K lO"̂  F", MgÊ " 
B i -h K 10 ̂  B(OH)^, 
c 2+ Sr 9.1 : X lo"^ c 2+ Sr 
These ions are commonly referred to as "conservative" due to 
the fact that their concentrations in seawater bear a constant ratio 
to one another. As well as these macroconstituents there are over 
seventy (Riley and Skirrow, 1975) elements of lower concentration to be 
found in seawater, but these make up less than 0.2% of the total 
salinity. In addition there are a number of water soluble gases which 
are found to occur in seawater. Perhaps the one which has the greatest 
effect ch^ically is carbon dioxide which is responsible for the buffer 
capacity and hence biological stability o£ seawater. Dissolved 
molecular oxygen is another very vital constituent for marine biota 
existing in saline systems. The role of both these constituents will 
be outlined in more detail in following sections where they will be 
dealt with in conjunction with the foreign constituents which alter 
their equilibria. 
The characteristics described so far have been the inherent 
constituents of the saline matrix. The foreign constituents which are 
added to this matrix to produce an effluent have their activity very 
much controlled by this high ionic strength medium. 
Cyanide and related species such as thiocyanate and complex 
cyanides are the main foreign contaminants that are found in both 
coke ovens and blast furnace gas scrubbing effluents. The majority of 
cyanide in the coke ovens effluent is present as free ionic cyanide ion 
CN', there being very little (less than 0.5%) thiocyanate present. 
This is at variance with what is found in several gas scrubbing 
effluents from coke works in the northern hemisphere; however, this 
would seem consistent with basic low sulphur nature of local and 
Australian coals (Brown (¿X. oJi, ̂  1959). Coke ovens gas washing 
effluents also contain relatively low levels of heavy metals, including 
iron, and hence the absence of complex cyanides. 
Blast furnace gas scrubbing waters usually contain a mixture of 
free and iron complexed soluble cyanides, with no thiocyanate liaving 
been detected. The level of cyanide in these effluents is approximately 
one tenth or less of the corresponding coke ovens effluent cyanide 
concentration. A pertinent feature of both these cyanide bearing 
effluents is the relative resistance of the free cyanide in particular 
to biological and chemical destruction by the marine environment. 
Ammonia, present in normal seawater equilibria as both molecular 
ammonia NH^ ^ ^ ammonium ion NH^^, is a constituent o£ both effluents 
but in varying concentrations in both coke ovens and blast furnace 
wastewater. At the nomal pH of seawater, approximately 80% of total 
ammonia is present as ammonium ion NK^^, the difference being as molecular 
ammonia NH^ (Orion, 1974). 
The coke ovens gas scrubbing effluent is the main source of 
sulphides, which are present in the three forms presented in Figure 
(page 
Hydrogen sulphide, a volatile gas, is evolved from the pyrolysis 
of coal during the manufacture of coke as a result of the decomposition 
of all the sulphur bearing material. The dissolution of this soluble 
gas in aqueous systems results in the chemical speciation outlined in 
Figure 4. 
The blast furnace is responsible for most of the heaAÔ  metals 
that are to be found in the gas scrubbing effluents. Zinc is the major 
element present in the scrubbing waters, because zinc compounds are 
introduced into the blast furnace as impurities in the ore and 
agglomerates. The most important compounds found are zinc oxide (ZnO), 
zinc ferrite (Zi;O.Fe203), zinc silicate (2Zn0.Si02) and zinc sulphide 
(ZnS) (Nicolle and Lu, 1974). In the high temperature zones of the 
blast furnace, these compounds are reduced to give zinc vapour, which 
is carried immediately upwards by the stream of reducing gases. The 
metallic zinc can then either condense and deposit on the walls of the 
furnace shaft or on the cold descending burden; or escape through the 
throat and condense in the gas scrubbing waters. Variation in furnace 
top temperatures can cause deposited zinc on the furnace shaft refract-
ories to be revolatilised after a period of accumulation, resulting in 
huge fluctuations in the zinc content of the gas scrubbing waters. 
1 2 
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As was stated earlier in this chapter, the rising reducing gases 
in the blast furnace shaft carry with then large amounts of fine 
particulates ema|iating from the burden material being dumped in the top 
of the furnace. A high proportion of these fines are made up of fine 
iron oxide and reduced iron oxide particles. These materials are not 
retained in the dust catcher and following entrainment in the gas 
scrubbing waters, result in undissolved settleable solids plus a large 
amount of hydrated ferrous iron. This later material is slowly 
oxidised to the ferric state (Fê "̂ ) where in it quickly hydrolyses at 
neutral pH conditions to give a brown, amorphous ferric hydroxide 
precipitate, or sludge. 
Large amounts of organic compounds are to be found in the coke 
ovens gas washing waters. These include naphthalene which is soluble 
in salt water at high temperatures but precipitates out of solution as 
the tonperature decreases; hence naphthalene can be removed by skimming 
it off the top of retention tank. Phenols are another organic constituent 
of this effluent, they being present in a number of the possible substituted 
forms (British Coke Research Assoc., 1969). However, these two types of 
compounds are only a small percentage of the total organic load in the 
effluent waters, a parameter v^ich is measured as a function of the total 
chemical oxygen demand of the aqueous system. This is a measure of 
"the oxygen equivalent of that portion of the organic matter in a sample 
that is susceptible to oxidation by a strong chemical oxidant" (Standard 
Methods, 1971). In other words we have a measure of the maximum 
capacity of the effluent to consume dissolved molecular oxygen in 
the course of the oxidation of its labile components. 
The ability of an aqueous system to support a biological 
community is dependent on a number of variables. Dissolved oxygen is 
one such variable which is essential for aerobic biota to exist. It 
can be easily depleted by large quantities of labile organic material 
and reactive inorganic reduced species, such as sulphides, cyanides 
etc. High temperature effluents, which are characteristic of blast 
furnace gas scrubbing waters, will also cause the aqueous syston to 
become oxygen deficient, due to the inverse relationship between the 
solubility of oxygen and water temperature. 
The existence of a biological community requires that there are 
no large changes in the pH of the aqueous system. In seawater this 
stability is achieved to a large degree by means of the carbonate -
dissolved carbon dioxide equilibria. Carbon dioxide can dissolve in an 
aqueous system to set up a carbonate equilibria which can be summarized 
by the following equations 
— "2(aq) 
+ H2O H^CO^ 
H^CO^ HCO^" 
HCO^" V 
H^O — OH" 
As is evident from the above set of equations, this system is 
pH dependent for chemical speciation. The ability of marine systems to 
resist change in pH when a strong acid or base is added is known as its 
buffer capacity; this is due to the fact that when an acid or base is 
added to the syst^ the carbonate system will react in the following 
manner to resist a resultant pH change: 
and 
H"̂  + HCO^' — ^ H^CO^ 
OH" + H2C0^ HCO^" + H^O 
Thus, the relative abundance of each of the species involved is 
CARBONATE EQUILIBRIA 
co 2 - = lO'^^M 
25°C 
2 -
3 4 5 6 7 8 9 10 11 12 13 
pH 
Fig. 5 
important, and can be evaluated from Figure 5. 
The total alkalinity of each of the effluents gives a measure 
of the magnitude of the buffer capacity of the effluent. The buffer 
capacity is the ability of the system to resist change in pH via the 
mechanisms listed previously. 
Í7 
ENVIRONMENTAL EFFECT OF TOXINS 
The toxicity of the individual constituents o£ the effluents 
outlined earlier in this section need to be assessed in order to gain 
some idea of the effect of these effluents on the environment. In 
doing so it must be borne in mind that the cumulative total of these 
effects does not necessarily give the actual toxicity of such a complex 
effluent, for interaction, in the form of synergism and antagonism, 
will take place between these constituents. Thus, only an indication 
can be gained as to the toxic nature of this wastewater. 
However, large fish kills have been reported (Illawarra Mercury, 
1976) in the vicinity of the discharge point of these effluents, and high 
levels of cyanide ranging from 7.5 to 0.5 mgl ^ have been determined 
during spot checks of surface waters in the inner and outer harbour at 
Port Kembla after one of these kills. Such concentrations are sufficient 
to kill large numbers of fish within a short period of time (Jones, 1964). 
CVANWE 
Free cyanide does not seem to be as toxic towards lower 
organisms as towards fish life (Hart, 1974). It acts as a respiratory 
depressant by inactivating the cytochrome systan so that tissues are 
incapable of using molecular oxygen, resulting in paralysis of the central 
nervous system (Jones, 1964). The symptoms displayed are fairly 
distinctive for cyanide poisoning: depending on concentration, a 
certain period of quiet until a sudden loss of equilbrium, followed 
by a prolonged period in a condition resembling anaesthesia especially 
at lower concentrations. Fish killed by cyanide show a marked red 
brightening of the gills. 
IS 
It is generally recognised that undissociated i O is more toxic 
towards aquatic life than the cyanide ion (Doudoroff oX (d., 1966), as 
it has greater powers of penetrating living tissues than dissociated 
cyanide ions. Thus, the effect of pH on cyanide toxicity is explained 
by the fact that it is a very weak acid and at pPi values greater than 
9.2 almost all will be dissociated into cyanide ions. In addition, the 
toxic action of cyanide increases rapidly with rising temperature, the 
rate of lethal action increasing abour 2 to 3 fold with a rise in 
temperature of 10°C over a wide range of temperatures (ORSANCO, 1960). 
Dissolved oxygen has also been found to effect the toxicity of cyanide, 
increasing it a low dissolved oxygen levels (Caims and Scheier, 1963). 
This may be explained by the fact that lack of oxygen could hold up the 
oxidation of cyanide to thiocyanate, which is the animal's defence 
mechanism (Klein, 1962). 
Acute toxicity values for the tolerance of fish to cyanide vary 
widely, especially according to species and conditions. Jones (1964) and 
Kart (1974) have reviewed and listed some of these values and it would 
seem that for a majority of fish species, cyanide concentrations in excess 
of 0.10 mgl"^ would prove fatal. In fact from some of this data it would 
appear that this estimate is too high and perhaps 0.01 mgl ^ would be a 
more realistic standard from the point of view of preserving the fish 
population. 
The toxicity of metallic complex cyanides has been investigated 
by Doudoroff (1956), who found that soluble complex cyanides of iron 
displayed no toxicity towards the fish populations being tested. 
Burdich and Lipscheutz (1948) reported that these complexes are susceptible 
to ultraviolet decomposition yielding molecular hydrogen cyanide, 
especially when in warm, shallow, slow flowing rivers on bright sunny 
days. However, the conditions connected with the effluents being 
studied are not really suitable for photodecomposition of large amounts 
of soluble complex cyanide. 
Doudoroff also reported that labile complex cyanides of zinc 
and cadmium are extremely toxic and he presented data that indicated 
that free cyanide and the toxic metal ions, zinc and cadmium, exhibit 
a synergistic effect. 
SULPHIVE 
Like hydrogen cyanide, hydrogen sulphide enters the body of the 
fish by way of the gills and the lining of the mouth, circulates in 
the blood stream to all parts of the body, and by some specific effect 
upon cytochrome oxidase and other enz>Tnes concerned in respiration, 
renders the tissues more or less incapable of utilising the oxygen 
brought to thon. This tissue anoxia resulting from the inactivation of 
respiratory enzymes is pH dependent due to the pH speciation of sulphide 
equilibria, together with the known penetrative capacity of undissociated 
hydrogen sulphide molecules. Oseid and Smith (1974) carried out some 
toxicity tests on various invertebrates and concluded that no-effect 
levels for hydrogen sulphide ranged up to approximately 0.1 mgl 
This is consistent with results reported by Jones (1964). 
HEAi/y METALS 
Heavy metals, in particular lead, zinc, copper and cadmium are 
toxic in various concentrations to both fishlife and marine invertebrate 
animals. The mode of toxic action of zinc is still uncertain, however, 
at acutely toxic concentrations it probably kills adult and juvenile fish 
by destroying and immobilising the gill tissues (Skidmore, 1970). At 
chronically toxic levels it may induce stress that results in death. 
Sublethal effects include general disablement and wisespread 
histological changes in many organs, but not the gills; growth 
and maturation are also retarded (Hart, 1974). 
The acute toxicity of these metal ions is modified by such 
variables as temperature, pH, dissolved oxygen and carbon dioxide as 
well as water hardness. An increase in temperature and a decrease in 
dissolved oxygen will increase the toxicity of zinc (Skidmore, 1964). 
Low oxygen content increases the toxicity of heavy metals due to the 
physiological response by the animal of pumping water more rapidly through 
the gills. The metals are less toxic in hard water because calcium 
exhibits an internal, cellular type of protective action.(f̂ erlini, 1971). 
As Hart has pointed out, marine invertebrate animals appear to 
be the most sensitive with respect to the acute toxicity of the heavy 
metals, especially zinc. 
However, as with most of the heavy metals, it appears that the 
major concern with zinc compounds in marine waters in not so much one 
of acute toxicity, but rather of the long-term sublethal effects. 
This is linked with the persistent nature of zinc and other heavy metal 
el orients in the environment, their indestructibility and ability to 
accumulate along a food chain. One of the striking features of the 
marine biosphere is its higher concentration of heavy metals than the 
hydrosphere. This can be readily seen from Table 2 (Brooks ^ Rumsby, 
1965). 
TABLE 2 
ENRICHMENT FACTORS FOR THE TRACE 
ELEMENT COMPOS IT ION OF S H E L L F I S H 
COMPARED WITH THE MARINE ENVIRONMENT 
ELEMENT SCALLOP OYSTER MUSSEL 
Ag 2 , 3 0 0 18 ,700 330 
Cd 2 , 2 6 0 , 0 0 0 3 1 8 , 0 0 0 100 ,000 
Cr 2 0 0 , 0 0 0 6 0 , 0 0 0 320 ,000 
Cu 3 , 0 0 0 13 ,700 3 , 0 0 0 
Fe 2 9 1 , 5 0 0 6 8 , 2 0 0 196 ,000 
Mn 5 5 , 5 0 0 4 , 0 0 0 13 ,500 
Mo 90 30 60 
Ni 12 ,000 4 , 0 0 0 14 ,000 
Pb 5 , 3 0 0 0 3 , 3 0 0 4 , 0 0 0 
V k.soo 1,500 2 , 5 0 0 
Zn 2 8 , 0 0 0 110,300 9 , 1 0 0 
Thus the danger lies in the fact that sublethal aqueous 
concentrations can be accumulated to an alarming and lethal level by 
certain species. Once heavy metals have been absorbed by certain 
organisms their distribution in the sea can be greater vertically and 
horizontally than if they were carried by surface currents (}vterlini,1971) 
Kart suggests that zinc concentrations should be kept below 0.5% of the 
96 Hr LC^Q value which effectively means limiting discharges to 
approximately 0.1 mgl ^ or less. 
PHENOLS 
Phenolic substances adversely affect aquatic populations by 
their direct toxicity to fish and fish-food organisms brought about by 
high oxygen demand resulting in oxygen depletion of the receiving 
water. Phenols are also responsible for the production of undesirable 
flavours in the edible flesh of fish. 
Phenols seem to directly affect fish by rapidly affecting their 
equilibrium, causing an initial period of hyperactivity followed by a 
type of intoxication with subsequent paralysis, narcosis and finally 
death at lethal concentrations. Fish do not seem to have any recognition 
of phenol concentration gradients as they usually take no form of 
avoiding action. 
The acute toxicity of pure phenol varies between 0.08 mgl ^ for 
freshwater minnows (30 min.), to 56mgl~^ for mosquito fish (96 hours). 
However, Kalabina (1935) reported that fish are not generally found in 
waters containing more than 0.2 mgl"^ of phenol. Thus, from both this 
and Hart's review it would seon necessary to restrict phenol concentrations 
to below 0.10 mgl Substituted phenols, such as cresols and xylenols 
exhibit the same general type of toxicity but usually at slightly reduced 
levels. 
AMMOMIA 
The toxicity of ammonia is dependent upon the relative concentration 
of free ammonia gas dissolved in solution; the speciation of which is 
pH dependent. It appears that the effect of ammonia on fish is to 
decrease the ability of the haemoglobin to combine with oxygen, hence 
resulting in asphyxiation. Ammonia toxicity increases with pH, and 
increases with a decrease in dissolved oxygen. Temperature, carbon 
dioxide concentration and bicarbonate alkalinity also alter the ammonia 
speciation equilibria and hence its toxicity. 
However, ammonia is not a persistent substance, as it can be 
oxidised by bacteria to nitrates which act as a source of nitrogen for 
aquatic flora. 
THERMAL 
An increase in tanperature, as we have already seen, can affect 
the toxicity of a particular toxic species. In addition an increase in 
temperature will lower the solubility of oxygen in water while the rate 
of oxygen diffusing into the aqueous system increases. As. well,; a 
temperature increase will usually have a profound effect on chemical 
reactions, the rate of reaction being approximately doubled for each 
lO^C rise in temperature. Thus, oxidisable organics will rapidly 
deplete the dissolved oxygen supply as the temperature increases. 
Increased reaction rate must also manifest itself as an increase in 
bacterial respiration rate as well as an increase in rates of metabolism. 
This can result in changes in the nature and density of invertebrate 
fauna. 
Fish and other cold-blooded aquatic animals are incapable of 
body temperature regulation and any temperature changes in the surround-
ing water are immediately communicated to the blood circulating in the 
gills and subsequently to the blood in the whole of the animal';s body. 
This causes a rise in body temperature which can result in a fatal 
condition called "heat death". Although some cold-blooded animals 
can become acclimatised to temperatures above or below their normal 
range, sudden changes in temperature can result in death. 
SUSPEmV MATTER 
Direct effects of suspended material is usually displayed as 
mechanical or abrasive action by many finely divided solids to such 
organs as fish gills, resulting in gill impairment and hence rèspiration 
and metabolic changes. As well, suspended material can suffocate fish 
eggs by forming a blanket of material over them, resulting in reduced 
oxygen uptake and waste excretion. 
A high solids concentration can reduce photosynthetic activity 
which in turn reduces feeding fish populations due to lack of food. 
Another important aspect to consider is the ability of finely 
divided solids to serve as a transport medium for such species as 
heavy metals, allowing the absorbed species to be ingested more 
readily. 
COMPLEX ErnUEHTS 
IVhen an effluent is made up of many different toxic materials, 
the relative effect of each may be modified by the presence of another 
component. Toxic substances present in a mixture may have a combined 
effect which is additive, they may appear to interfere with one another 
producing the condition known as antagonism, or their combined action 
may be greater than the sum of their separate effects - synergism. 
For example, the acute toxicity of mixtures of ammonia and phenol, 
ammonia and zinc, and ammonia and copper can be considered to be additive 
(Alabaster et al., 1972) however, mixtures of ammonia and cyanides have 
a synergistic effect (McKee and Wolf, 1963). Likewise, copper and zinc 
sulphates are reported (Doudoroff, 1952) to be synergistic, as well as 
free cyanide with both zinc and cadmium heavy metal ions (Doudoroff, 
1956). The presence of cyanide and iron or nickel will give rise to an 
antagonistic effect whereby the toxic cyanide is complexed by the heavy 
metal ions to form a relatively non-toxic compound. 
Thus, in conclusion, it must now be clear that the 
characteristic toxicity described previously is only an indication of 
the potential ham that an effluent can do and in reality this could be 
modified either way. Hence, the only way of determining the actual 
effect of a complex effluent on the environment is to carry out tests 
using local species in the locality being studied. 
CYANIDE REMOVAL TECHNIQUES 
For a critical evaluation o£ the merits and limitations o£ the 
numerous cyanide removal techniques, it is necessary to consider a few 
general principles when examining a possible treatment procedure. 
Any prospective removal technique has to be designed for a 
particular cyanide effluent from a particular plant, hence making it 
difficult to transfer a working procedure into a different environment 
without careful consideration of the effluent characteristics. 
Secondly, consideration should be directed towards segregating the 
individual effluents to avoid the possibility of transient admixture with 
other effluents possessing potentially interfering constituents. Finally, 
Ellis and Wheway (1973) reported that a treatment process will operate 
with maximum efficiency if it is first chosen having due regard to the 
composition of the cyanide wastewater, and secondly, if the composition 
and flow rate of the effluent are kept as constant as possible. 
PHYSICAL METHOVS 
Prior to the recent surge of interest in the environment, shown 
by the general concern over its deterioration due to the discharge of 
effluents into it, the main means of cyanide waste disposal has been by 
discharge into local water bodies. The basic premise of this method of 
cyanide waste removal is the large cUIwUon effect usually encountered 
when discharging into marine water bodies, which is usually the case when 
integrated steel plants are situated to utilise the water resources of 
the sea. Subsequent to dilution, the receiving water body is supposed 
to biologically and chemically assimilate the cyanide constituents 
rendering the dispersed effluent non-toxic. However, the extreme toxicity 
of cyanide, due to localised concentration in proximity to the points of 
effluent discharge, leaves this method generally unacceptable despite the 
obvious econcMic advantages. Earlier ponding alternatives have also 
been generally ruled out by both environmentally and industrially 
concerned bodies alike. Ao/iatlon of volatile hydrogen cyanide has found 
widespread use in treating industrial cyanide effluents. The principle 
underlying this procedure is the fact that hydrogen cyanide is a weak 
acid: 
HCN + H2O CN" + Ĥ O"̂  
Ka = . 7.2 X 10-'° ?HCNJ 
hence below pH8 almost all non-complexed cyanide in an aqueous system 
will be present as free undissociated hydrogen cyanide, which in turn 
is a volatile gas. Malz and Bortliss (1960) carried out a study of the 
dependence of the scrubbing effect on the amount of air, the temperature 
and the pH of the coke ovens wastewater sample used. They reported that 
the important factors were the amount of air and the temperature ; in 
the neutral and weakly acidic range the pH value had little effect. 
Waste solutions are usually rendered acidic O^itlock, 1953) by the 
addition of sulphuric acid, carbon dioxide, sulphur dioxide or some other 
mineral acidic substance. Imamura eX at,, (1973) aerated cyanide-bearing 
blast furnace effluents with blast furnace gas for extended periods 
(5 hours) while Tomori ^t at,, (1973) volatilised hydrogen cyanide by 
feeding cyanide wastes to a concentric inverted cone, thereby removing 
hydrogen cyanide at high rotational velocity (approx. 3500 rpm). 
Okawa and Sakai (1974) similarly used a mechanical aeration device - an 
agitated gas-liquid contactor - to volatilise hydrogen cyanide. However, 
one of the major difficulties in such acidification and aeration treatment 
is the slow hydrolysis of complex metal cyanides in solutions of low pH, 
which are subject to violent agitation and aeration (Cooper, 1951). 
The free cyanides or alkaline salts are ronoved readily, but some of the 
transition metal salts take so long to completely react that aeration 
costs become considerable. In addition to this there remains the obvious 
problem of disposal and/or treatment of the molecular hydrogen cyanide 
exhaust gas evolved. Direct atmospheric discharge, as advocated by 
many earlier reported aeration techniques, including the ones previously 
mentioned, is now environmentally unacceptable as well as hazardous. 
Alternatives to this have been proposed by Jola (1971) who utilised 
catalytic oxidation to reduce evolved molecular KCN, and Scott (1971) 
who trapped and extracted the gas by counter-current extraction with 
sodium hydroxide solution. Gray (1972) outlined an option whereby 
cyanide effluents may be combined with waste solvents and incinerated 
directly. 
ELECTROLyriC OXWATJON 
ElQ,(it/iock2.mic.aZ oxMicution of cyanide has been reported by Silman 
(1971) and Nagendran oX at., (1967) using high current densities 
2 
(3-5 amps/dm ) over extended periods of time (6-40 hours), resulting in 
endproducts such as carbon dioxide, nitrogen and ammonia. The electrode 
reactions are 
ANODE: CN" + H2O CNO" + IW^ 
+2i 
CATHODE: 2H • H2 
However, even after long periods of electrolysis, cyanide 
residual levels are usually quite high (i.e., > Imgl hence 
necessitating a secondary treatment procedure such as sodium hypochlorite 
oxidation (Imai, 1970). The combination of this plus the need for 
expensive equipment, which is usually only suitable for treatment of high 
strength effluents by a batch process, results in the electrolytic 
oxidation procedure not being a viable alternative for cyanide waste 
treatment unless the industry concerned is involved in electrolytic 
refining and production. 
CATALYTIC OXIVATION AKV lOM EXCHANGE 
Removal of cyanide by catalytic, oxldoutlon entails the adsorption 
of cyanide ions from wastes by granulated activated carbon (Bernardin, 
1971), with subsequent oxidation of the cyanide at the adsorption sites 
in the presence of cupric ions and dissolved molecular oxygen. Oxidation 
of the cyanide allows regeneration of the adsorption sites, however, 
sodium hypochlorite is often required for complete cyanide oxidation and 
reactivation of the granulated carbon (Laube and Oehme, 1971). This 
technique is best suited to low volumes of high strength effluents, since 
the reaction is relatively slow (Hager and Rizzo, 1971). 
The extraction of cyanides from wastewaters by ion-exchange resins 
results in a very pure effluent. The commonest way of achieving this 
has been to convert the cyanide to the complex anionic form and remove 
it with a basic ion-exchange resin. Avery and Fries (1975) reported such 
a technique, complexing cyanide with ferrous sulphate to form soluble 
hexacyanoferrate (II) and (III) complex anions, which were subsequently 
selectively adsorbed by a weak-base ion-exchange resin operating in the 
acid salt form. The resin was then eluted with sodium hydroxide (IN) and 
regenerated by means of a strong mineral acid solution. In general, the 
problems of economically regenerating the resin material and the handling 
of high ionic strength wastes cause some difficulty; however, the process 
is well suited to the final treatment of low ionic strength wastes. 
BIOLOGICAL OXJVATÏON 
Biological. dQ,QKad(itioYi o£ cyanides by either aerobic or 
anaerobic micro-organisms has been used increasingly over the last few 
decades (Ludzack and Schaffer, 1960; Howe, 1963). The biochemical 
mechanism of cyanide assimilation and degradation is still not certain, 
but following are listed a few of the main pathways that have been 
proposed. In aerobic treatment conditions, Ivanoff (1936) suggested 
the following mechanism: 
HCN + i Ô2 HCNO 
The presence of sulphur may also cause the formation of 
thiocyanate: 
HCN + S HCNS 
The corresponding pathways for cyanate and thiocyanate degradation 
would be: 
HCNO + H2O • CO2 + NH^ 
HCNS + 2H2O • CO2 + H2S + NĤ  
In anaerobic degradation of cyanide, the possible pathways include the 
formation of thiocyanate and ammonium formate, and their subsequent 
secondary decomposition through hydrolysis and anaerobic oxidation 
(Howe, 1965): 
H2S + i02 — • H2O + S 
HCN + S • HCNS 
HCN + 3H2 ^ CĤ ^ + NĤ  
HCN + 2H2O • NĤ "̂̂  + HCOO" 
and subsequently 
HCNS + 2H^0 • H^S + CO^ + NH^ 
CO2 + • CĤ ^ + 2H2O 
NĤ "̂*" + HCOO" + iO^ • NH^ + CO2 + H2O 
Pettet and Mills (1954) reported that the aerobic degradation of 
cyanides by a trickling biological filter was limited to concentrations 
not exceeding 2 mgl'^; and similarly Ludzack and Schaffer (1960) found 
that a cyanide ceiling limit was evident in aerobic degradation by the 
activated sludge process. Both aerobic techniques, together with the 
anaerobic procedures, are very susceptible to shock loading of cyanide 
waste, a peculiarity of many industrial effluents. As well, industrial 
wastes which contain hea-vy metal ions may intefere with the biological 
function, as some metal ions are often as toxic as cyanide itself to the 
microbial population. (McDermott et al,, 1963). 
Hence, biodégradation of cyanide is best suited to continuous 
flow, low strength cyanide effluents with low heavy metal ion concentrat-
ions. Proper nutrient levels and the acclimation of either aerobic or 
anaerobic micro-organisms to cyanide, are extremely important to all 
biological degradation processes. 
Whereas the efficiency of a chanical process can be closely 
controlled, the biological process depends greatly on the characteristics 
of the wastes received each day, and on other factors such as pH, 
temperature, toxic matter, nutrients, hydraulic load, oxygen supply and 
microbial population. As a result, very careful control procedures have 
to be implemented. 
In addition to these problems, the large capital outlay needed to 
construct a biological treatment plant must be considered. The long 
retention times necessary for efficient microbial destruction of cyanide 
play a major role in this large capital cost structure. 
CHEMICAL OXIDATION 
ChZoMÁyicutíon of cyanide wastes has been the most commonly 
used method of detoxifying cyanide - containing industrial wastes. 
The two reagents generally used, molecular chlorine and sodium 
hypochlorite, both oxidise cyanide by a similar mechanism. This is 
because at the pH level at which chlorine oxidation is carried out 
(pHll), dissolved molecular chlorine immediately reacts to give the 
hypochlorite ion, ClO' (Pettet, 1950) and chloride. 
The oxidation reaction mechanism can be depicted as follows: 
Cío" + CN" + H^O • CNC1 + 20H" (1) 
CNC1 + 20H" ^ CNO' + Cl" + H^O (2) 
CNO' + 2H2O > NH^ + HCO^" (3) 
It has also been reported (Eden and IVheatland, 1950) that the 
hydrolysis of the cyanogen chloride is catalysed by the presence of free 
chlorine (as CIO ): 
2CN0" + 3C10' + • 2CO2 + N^ + H2O + BCl' (4) 
The basic reaction (Equation 1) takes place at pH values greater 
than 8.5, but below pHll.O side reactions occur which will absorb more 
than the stoichiometric equivalent of chlorine per mole of cyanide, 
presumably in the oxidation of cyanide to nitrate (l\Mtlock, 1953). 
Above pH 11.0 only the stoichiometric amount of chlorine is required 
to oxidise cyanide. 
However, there remains a more important reason for carrying out 
the chlorination process at or above tliis pH value. The cyanogen 
chloride produced as an intermediate (Equation 1) in the reaction sequence 
(Equations 1 to 4) will hydrolyse as follows: 
CNCl + 20H~ • CNO" + Cl" + Ĥ O 
The rate of this reaction is very dependent on the pri of the 
solution, as shown by the following table (Zumbrunn, 1971). 
TABLE 5 
pH Reaction time 
12.5 15 min 
10.5 35 min 
9.5 » Ihr. 
Using a 20% excess of available chlorine, elevated temperatures 
(above 20®) and pK values above 11.0, the overall reaction involving 
the oxidation of cyanide to cyanate goes to completion within a few 
minutes; however, if the pH is allowed to fall below 11.0, the cyanogen 
chloride becomes a more permanent residual. This compound has been 
found to be more toxic than cyanide to most marine organisms (Allen 
^ at., 1948), and for this reason careful control over the reaction 
sequence must be exercised. 
Application of these principles to detoxifying cyanide wastes 
in saline effluents requires that almost all of the magnesium present 
(5.4 X lO'Sl) would have to be precipitated as the insoluble hydroxide 
in order to achieve the optimum pH of 11.0 for the chlorine oxidation 
of cyanide (Stumm and Morgan, 1970). This then severely limits, on an 
economic basis, the effective use of alkaline chlorination for the 
treatment of saline cyanide wastes. 
Direct oxidation of cyanide to cyanate can be effected by using 
ozone under alkaline conditions: 
CN" + 0^ CNO" + 0^ 
however, if an excess is used, the cyanide is completely oxidised to 
carbon dioxide and nitrogen: 
2CN" + 50^ + 20H" + N^ + 50^ + H^O 
Garrison oX. at,, (1974) developed a process along these lines 
utilising a canbination of ozone and ultraviolet irradiation to destroy 
both free and strongly complexed iron cyanides. The capital outlay 
required to set up an ozone generator and the necessary controls of the 
actual process conditions are major obstacles in the general acceptance 
of this type of treatment procedure. 
Chemical oxidation of cyanide by potcUi^lm poAmanganatz has been 
evaluated by Kieszkowski and Krajewski (1968) and found to have several 
technical advantages over alkaline chlorination. Either alkaline or 
neutral conditions are conducive to the reaction going to completion 
via the following mechanism: 
+ 3CN" + 2H2O •2M,^02 + 2CN0" + 20H + H^O 
and necessitate less control for the process to function efficiently. 
However, a catalyst is required (copper II ions, approx 3mgl and 
because of their potential toxicity to fish life, the levels of both 
the manganese dioxide produced and the potassium permanganate used in 
the procedure have to be controlled carefully. 
The reactivity of peAoX/cdê  towards cyanide has been recognised 
(Masson, 1907) for a long time now, but it is only recently that these 
compounds have found application in cyanide waste treatment. Mathre 
(1971) reported a method for destruction of cyanide with hydrogen 
peroxide which involved the use of a copper catalyst with a general 
reaction mechanism as follows: 
CN + H2O2 
CNO + 2H^0 
CNO + H^O 
CO2 + NH^ + OH 
The reaction generally functions efficiently in the pH range 
of 8.5 - 10.0, and it has been shoivn that both the rate and efficiency 
can be improved by the addition of fomaldehyde (Lawes at aZ,, 1973). 
The advantages in using hydrogen peroxide lay in that it is 
competitive with the hypochlorite treatment procedure, has increased 
metal removal (Kibbel, 1972) capabilities, is not a corrosive or 
hazardous reagent to handle, and eliminates the production of toxic 
cyanogen chloride as an intermediate. 
The use of peroxymonosulphuric acid, or Caro's acid, to destroy 
cyanides was introduced by Zumbrunn (1970) as a viable alternative for 
cyanide oxidation. Peroxymonosulphuric acid is an inorganic peroxide 
derived from either of the following reactions: 
+ H^SO 
Caro's acid has the structure: 
^ H2SO5 + Ĥ O 
H2S0^ + HC1 
(Ahrle, 1909) 
(Staedel, 1909) 
(Freiderich ^ D'Ans, 
1912) 
OOH 
and is attributed with an oxidation potential which is qualitatively 
weaker than fluorine, stronger than the other halogens, and approximately 
equal to dichromic acid (Kyrki, 1963). v;hen cyanide is treated with 
peroxymonosulphuric acid, oxidation procedes by the following mechanism, 
which at pK 8.5 to 9.0 has gone to completion within 15 min (Kibbel, 
1972). 
CN" + H^SO^ • CNO" + Ĥ SÔ ^ 
CNO" + IH^O ^ CO2 + NH^ + OH" 
The reaction is both pH and temperature dependent, but within the 
constraints o£ pH 8.0 to 9.5 and ambient temperatures, the K2S0^/CN molar 
ratio is also an important variable. For example (Henry and Boeglin, 
1971) taking a solution o£ sodium cyanide at pH ^ 9.0 containing 
10 mgl'^ CN" initially, and varying the H2S0^/CN molar ratio to the 
extent listed below, the reaction times necessary to effectively destroy 
all the cyanide would be: 
Molar Ratio Time 
H^SO^/CN Required 
1.1 3 hours 
I.A-I.5 2 hours 
1.7-2.0 30 min 
5.0 2 min 
Souris (1973) described the application of Caro's acid at Pont-a-Mousson 
steelworks to treat blast furnace gas scrubbing effluents in a fresh 
water, closed circuit system. Other than this original peroxymono-
sulphuric acid developmental work, little has been reported on the 
application of this reagent to the detoxification of industrial waste-
waters, and nothing on its use in a seawater based effluent. 
Zumbrunn (1971) also investigated the use of peroxydisulphuric 
acid, which is used in its more stable salt form, to oxidise cyanide in 
industrial wastes. This peroxy compound has the following structure 
Na"̂  or NĤ "̂  
and reacts with cyanide in a similar way to Caro's acid: 
CN + S^Og + H2O 
CNO + 2H2O 
CNO + + 2H 
CO2 + NH^ +0H 
However, the rate o£ cyanide oxidation by peroxydisulphate (or 
persulphate) is very much slower than by Caro's acid. For this reason, 
application of this reagent is limited to treating concentrated batches 
such as found in the chomical synthesis and finishing industries. 
C H E M I C A L C O M P L E X A T I O N 
TREANIESRR WITH SULPHUR MIPOUSIVS 
Conversion of cyanides to the less toxic thiocyanates by 
boiling with a lime-sulpliur mixture or the addition of various sulphide 
and polysulphide chemicals (Kloster e;t al., 1974; Wernlund and Zunick, 
1940) has been largely superseded. This has been due to the incomplete-
ness of the reaction, the possibility of later hydrolysis of the 
thiocyanate with the subsequent liberation of cyanide, the large volume 
of sludge produced, and the problem of excess sulphides in the effluents 
(Cooper, 1951). 
CVANOHVVRIN FORMATIOM 
This technique depends on the addition of hydrogen cyanide, HCN, 
to the carbonyl group of aldehydes or ketones to produce a non-toxic 
cyanohydrin, which can be either hydrolysed to an a - hydroxy -
carboxylic acid or undergo polymerisation to form an innocuous polymer. 
C = 0 + HCN H.NCR^CN + H.O 
R ^ R - ^ CN ^ 
Polymer 
R ^ ^COOH 
Tlie use of formaldehyde to treat cyanide was reported by 
Southgate (1933), but the purpose was to reduce fish toxity and no 
detailed study was made of the use of formaldehyde in cyanide waste 
treatment. It has also been proposed (Howe, 1963) that cyanide be treated 
with formaldehyde to form cyanohydrin which could be hydrolysed to the 
glycolate. However, under strongly basic conditions, this could be 
difficult to accanplish because the cyanohydrin reverts back to cyanide 
and formaldehyde (Cocker and Lapworth, 1931). 
Shen and Nordquist (1974) utilised the reaction of cyanohydrin, 
formed from the addition of fomaldehyde to hydrogen cyanide, with a 
basic catalyst such as ammonia to undergo a polymerisation sequence 
resulting in a non-toxic polymer. The condensation of the cyanonitrile 
takes place under the optimim conditions of temperature above 60°, pH 
8-10 and in the presence of ammonia salts. The polymer does not revert 
to active cyanide species by acidification and shows a tendency to 
hydrolyse at temperatures above 60°. The econonics of the procedure 
were stated as less expensive than alkaline chlorination, but although 
the products of the polymerisation process were shown to be non-toxic, 
a secondary treatment stage would need to be introduced to lower both 
the BOD and COD values increased by the presence of the polymers and 
their hydrolysis products. 
TREATMEAfT iOITH UON COMPOUMVS 
2+ 3+ 
The reaction of iron, in both its oxidation states (Fe and Fe ), 
with cyanide ion to form the hexacyanoferrate complex ion, has been used 
for many years as a method of cyanide detoxification. 
The basis for this cyanide removal procedure is that cyanide and 
iron form very stable complexes (Sillen and Martell, 1964) which 
dissociate only to a very slight extent. The toxicity of these iron-
cyanide complexes is approximately four orders of magnitude less than 
the toxicity of simple free cyanide, as is evidenced by the following 
table (Henry and Boeglin, 1971). 
CYANIDE SPECIES 
TABLE k 
THRESHOLD TOXICITY LIMIT TO 
FISH mmow] 
(mgl"̂  CN") 
NaCN or KCN 0.05 to 0.10 
K3 'cu(CN)î " 1 
N¡(CN)¿̂ ' 30 
K2 "ZN(CN)̂ ' 0.30 
K2 0.75 
KSCN 1700 
Fe(CN)̂ ' 1700 
>e(CN)^' 1700 
NaCNO 750 
CNC 1 0.08 
The reaction o£ cyanide and ferrous iron is dependent on the 
reaction conditions, such as amount of aeration and the order of reagent 
addition, for the type of intermediate species formed. If the ferrous 
sulphate solution is added to the cyanide containing solution, the first 
product of reaction of an excess of ferrous sulphate with cyanide is 
an insoluble orange-coloured double cyanide of iron QVilliams, 1948). 
5 KCN + 2 FeSO, KCN-2Fe(CN)2 + 2 K̂ SÔ ^ 
Depending on the availability of molecular oxygen to oxidise 
ferrous ions to the ferric state, the double salt slowly changes into a 
white precipitate if the solution is anaerobic, or ultimately a Prussian 







+ 2Fe 2+ 
Fe(CN)^ 
Fe2[ Fe(CN)^ 
K Fe[ Fe(CN)^' 
Pettet (1950) made a detailed study of this reaction and concluded 
that in the absence o£ air a better cyanide removal limit could be 
achieved than with an aerated system. As was stated previously he 
also reported that the efficiency of removal was markedly affected by 
pH value, dose of ferrous sulphate and mode of combination of the cyanide. 
Pavlovskii (1965) reported the application of the Berlin blue reaction 
I.e., 
6 KCN + FeSOi Fe(CN)^' + 
excess 
FeSO,. 
K2Fe[ Fe(CN)^ " 
to the treatment of blast furnace wastewaters containing 200 mgl ^ QnI , 
using ferrous sulphate from rolling mill operations. 
Many other reports based on the same principle have been given, 
but in most cases little regard was given to the controlling factors 
outlined earlier by Pettet (1950), and the ferrous sulphate was claimed 
to be only active as a coagulant. 
A potential drawback of the treatment procedure would be the 
indiscriminate use of ferrous sulphate, resulting in copious quantities 
of ferric hydroxide sludge being formed and hence its removal and disposal 
artificially increasing the cost of the cyanide removal process. 
Grieves and Bhattacharyya (1968) took the procedure one step 
further and used a cationic surfactant to separate complex cyanides from 
solution. This technique was later developed further by Shimoiizaka 
et at,, (1972) using the ion flotation technique in conjunction with 
both a Denver type flotator for removal of scum forming complexes, and 
a column separator for the case where no scum is formed. 
Alternate systoiis for the disposal of the complex cyanides 
include the reduction of the precipitate bulk by the use of drying beds 
(Whitlock, 1953), the use of flocculants to concentrate the precipitates 
(Popov, 1973) prior to dewatering by vacuum filtration or similar 
techniques, and the calcining of the sludges at 650° to destroy all 
cyanides by oxidation (Kieszkowski, 1971). 
As indicated previously, the limit to cyanide ronoval by iron-
cyanide complex formation is governed by the solubility of the 
precipitate formed, hence in an aerated system 5mgl ^ is approximately 
this limit (Pettet, 1950). Thus it would seem necessary to implement 
a secondary treatment procedure to reduce the cyanide concentration 
to an acceptable level. 
However, none of the above iron complexation procedures have been 
carried out in seawater, which would be expected to have a marked effect 
on the complexation solubility and coagulation characteristics of the 
complex cyanides. 
HEAVY METAL REMOVAL PROCEDURES 
Unlike cyanides, sulphides and phenols, heavy metals are not 
chamically or biologically degradable in the environment. Due to their 
basic elemental nature, they are infinitely persistent in the surround-
ings into which they are discharged. The only reaction they will under-
go is chemical complexation, but the characteristics of the heavy metals 
usually dominate those of the complex. 
It is for this reason that any prospective heavy metal treatment 
technique must remove the metallic species completely from the waste-
water being treated. Thus the current removal methods can be classified 




As will be evident in the following appr^ml of these procedures, 
practical techniques often encompass more than one of these general 
principles. 
The commonly used procedures that fall into the category of 
p̂ Q,CA,pitcubioYi involve the addition of lime, iron salts or alum to the 
effluent to be treated. In the case of lime addition for heavy metal 
removal, the principle underlying this technique is based on ability 
of the metals to form insoluble hydroxide complexes when calcium 
hydroxide (lime) is added to increase the pH. The metal hydroxide floe 
formed is then allowed to settle and subsequently removed and dewatered. 
Nozaki (1974) described a process for removing heavy metals from waste-
water by using slaked lime (Ca(0H)2) and carbon dioxide gas. Although 
many of the metals will precipitate as insoluble hydroxides when the pM 
is increased with lime or caustic soda, certain amphoteric elements will 
redissolve at high pH. Following is a summary o£ heavy metal oxide/ 
hydroxide solubility data compiled from Freitknecht q Schindler (1965) 
and Linke (1958). 
TABLE 
METAL OXIDE or 
HYDROXIDE sp 
Ag > S i Ìver Ag^O 1.9 X 10-8 
Ba t Bar iurn - -
Cd i Cadmium Cd(0H)2 2.0 X lo-'" 
Co i Cobalt CO(0H)2 1.6 X io-'5 
Cu > Copper CU(0H)2 1.6 X 10-19 
Fe y 1 ron Fe(OH)^ 2.0 X 10-39 
Hg f Mercury HgO k . O X 10-26 
Mn > Manganese Mn(0H)2 1.6 X 10-13 
Ni > Nickel Ni(0H)2 2.0 X 10-15 
Pb > Lead Pb0(0H)2 1.3 X 10-15 
Zn: » Z ine Zn(0H)2 1.6 X 10-16 
The use o£ iron salts to remove heavy metals depends on the 
hydrolysis o£ ferric iron to form an insoluble amorphous ferric 
hydroxide precipitate which can be represented as: 
Fê "̂  + BĤ O Fe(OH)^ + 3H 
The insolubility of this precipitate as shown by Table 
of solubility products enables this reaction to take place at very low 
pH values 
OH - = 2 X 10-29 
This coupled with the reported ability of hydrated iron oxides 
to adsorb heavy metal ions (Goldberg, 1954; Gadde and Laitinen, 1974) 
forms the basis for the removal process. In addition the ferric 
hydroxide precipitate fomed has good flocculating characteristics, 
allowing easier and more coiiç)lete removal of the heavy metal scavenging 
precipitate. Various iron salts have been used, including ferric 
chloride (Barannik eX al,, 1973), ferric sulphate (Shen, 1973) iron (VI) 
oxide (Mirmann and Robinson, 1974) and in aerated systems ferrous sulphate 
(Sugano ei al., 1974); all resulting in an amorphous ferric hydroxide 
precipitate. 
Likewise an aluminium hydroxide precipitate can be produced from 
alum salts (KAl(504)2- I2H2O) resulting in a flocculated species which 
acts as a good heavy metal adsorbent (Gulledge and O'Connor, 1973). The 
use of ferric hydroxide and aluminium hydroxide rénovai techniques 
combines both aspects of precipitation and adsorption. 
Absorption techniques for heavy metal removal have become wide-
spread in use due to the ability of the adsorbent to achieve high 
levels of purification, the ease of reclamation of the adsorbed 
metallic species and the large variety of substrates that exhibit 
adsorption properties. Izumi and Goto (1974) used water-soluble 
polymers to collect heavy metal ions from solution while the method 
developed by Kobayoski and Nishi (1974) utilised wool and silk fibres, 
treated with dilute acid or alkali, as an adsorbent. Coal (Kawazoe, 
1973) and metallurgical slag (Fedorov, 1973) have been reported as 
heavy metal adsorbents, but perhaps the most promising technique 
developed to date has been the heavy metal removal process of Netzer 
eX al,, (1974). They utilised the adsorptive capacity of carbon black, 
a 30% constituent of discarded automobile tyres, to obtain heavy metal 
ronoval efficiencies in excess of 99.5%. 
The use of commercial ions - exchange resins to remove heavy 
metals from effluents has been in operation for some time (Marmagne, 
1972), however, on a large industrial scale, the economics have become 
very expensive. Another form of ion-exchange, activated carbon 
adsorption of heavy metals, exhibits similar removal capacity 
(Maruyama et aZ,, 1975) but is much less expensive. Both these 
techniques, however, are subject to fouling by high ionic strength 
wastes with large organic loadings. 
The QjizcX/iotytA,CL removal of heavy metals from wastewater has been 
described by Surfleet and Crowle (1972) whereby certain metals can be 
quantitatively removed. The initial capital expenditure for such a 
process is quite large, as are the recurrent power costs arising from 
the long plating times. 
ANALYTICAL 
DETERMINATION OF CYANIDES 
AMYNCAL METHOVS 
The cyanide anion is present in aqueous solution as CN" in near 
neutral and alkaline conditions. As the pH of the sample solution falls 
below neutral, cyanide ion tends to form molecular hydrogen cyanide, a 
volatile and toxic gas. 
The cyanide ion also has the capability of forming co-ordination 
complexes with transition metal ions; of the more common complexes, 
argentocyanide, ferrocyanide and ferricyanide anions are stable, and 
those of zinc, lead and cadmium are labile. 






In evaluating the methods reviewed below, the following criteria 
were considered. The sensitivity and range of the method, the 
specificity for the cyanide ion and the relative freedom of the technique 
from interference caused by both foreign and natural constituents. 
Consideration was also given to the ability of the procedure to detect 
the various species containing cyanide and the time taken to carry out 
these determinations. 
The following review of the major methods of cyanide determination 
will preface the actual methods chosen for this project. 
4S 
TITRIMETRIC METHOVS 
The earliest reported method for the determination of cyanide was 
Leibig's titrimetric procedure (1852) utilising turbidity formation 
caused by insoluble silver cyanide, Ag2(CN)2, which is fomed from the 
insoluble argento cyanide complex, [Ag(CN)2l' in the presence of a 
slight excess of silver ions. The only major advance in this procedure 
since then has been the introduction of p-ddjnethylaminobenzylidine 
rhodanine indicator by Ryan and Culshaw (1944) to depict the endpoint 
more clearly. Potentiometrie endpoints for this method were first 
reported by Muller and Lauterbach (1922) and Clark (1926); while 
amperometric titrations with silver nitrate were carried out by 
Laitinen ei , (1946) and applied to direct determination of nanogram 
amounts cyanide by McCloskey (1961). Departure from the use of silver 
nitrate as the titrant was reported by Przybylowiz and Rogers (1958) when 
they advocated the use of mercury (II) solutions, for the determination 
of small quantities of cyanide. Also, Dolzhanskaya and Edel'man (1969) 
used nickel sulphate as titrant and murexide as indicator, applying a 
sulphide correction if needed. Finally, Conrad (1971) published a 
technique for the Potentiometrie determination of both cyanide and 
chloride concurrently. 
ELECTROCHEMICAL TECHNIQUES 
Free cyanide ion, CN", may be determined polarographically, 
by the reversible reaction, 
2 Hg + 2CN' = Hg2(CN)2 + 2Í . 
Jura (1954) described the determination of cyanide by this method in 
flowing alkaline solutions with a shielded dropping mercury electrode, 
and subsequently Hetmán (1960) reported a detection limit for cyanide 
of 0.05 mg l"^ using a similar basic technique. A rotating gold coil 
anode and a platinum foil cathode were used by Miller (1964) for the 
determination of between 1 and 10 mg of cyanide. However, Jenkins 
qX at* (1966) showed that the potential of the peak due to cyanide was 
dependent on its concentration. An indirect technique for trace amounts 
of cyanide was developed by Bark and Lim (1973). They added a known 
excess of Cu(II) ions to an alkaline cyanide sample, and then determined 
the remaining cupric ions by polarography. However, this technique is 
applicable to only very low concentrations of cyanide and is subject to 
choride interference. 
Bonnemay et oJi, (1975) used cyclic voltammetry with a gold 
electrode, a continuously renewed alkaline electrolyte and titanium as 
the auxiliary electrode. Rapid (short controlled drop time) d.c. 
polarography was reported by Canterford (1975) to provide a siinple 
method for cyanide and sulphide analysis. Finally, Maganyuk et at., ^1975) 
described an a.c. technique for both cyanide and sulphide determination, 
using a mercury drop in the presence of zinc ions and potassium 
carbonate electrolyte. 
An amperometric procedure, using a rotating gold electrode at a 
potential of +150 mV versus the standard calomel electrode (pHll), was 
outlined by Bemdt (1967). Ebock (1974) detailed a three electrode 
system, Au/S.C.E./Pt, for the amperometric measuranent of cyanide. 
Ion-selective electrodes have been used widely in the last ten years for 
cyanide determination (Collombel ot al, 1970; Riseman, 1972), but inmost 
cases it has been shown that both chloride and sulphide interfere 
seriously. Recently, Meyer and Lantz (1975) used a packed-bed silver 
electrode for cyanide determination. 
SI 
GAS CmmrOGRAPHY 
Gas chromatography has been used to determine cyanides in 
various forms. Woolmington (1961) separated HCN from other gaseous 
constituents for detection by gas-liquid chromatography. Prior 
concentration consisting of cold traps were used by both Schneider 
and Freund (1962) and Claeys and Freund (1968). Nota and Palombari 
(1973) converted all labile cyanide to cyanogen bromide and detected 
CNBr by gas-solid chromatography with an electron capture detector. 
Similarly, Valentour oX at. (1974) used chloramine -T to produce 
cyanogen chloride which was extracted with hexane and injected in a 
G.C. fitted with an electron capture detector. 
COLORIMETRIC MFTHOVS 
Colorimetrie procedures for the determination of cyanide can 
be classified as: 
Metal Compìexation methods 
General Colorimetrìe procedures 
Methods based on the König Reaction 
METAL mPLEXATION 
One of the earliest procedures was the Weehuizen method (1905) 
which is based on the oxidation of phenolpthalein in alkaline 
conditions to the corresponding red phthalein by copper (II) ions in 
the presence of cyanide. Although an extremely sensitive technique, it 
lacks specificity for cyanide and suffers from other serious 
interferences. 
The formation of thiocyanate from cyanide and the subsequent 
production of the blood red ferric ferrithiocyanate (Johnson 1916) is 
a specific test for cyanide, but results in an unstable chromopliore. 
Likewise, the copper acetate-beniMine test ÏMoir 1910) giving the 
oxidized benzidine blue is quite sensitive but encounters interference 
from both oxidants and reductants. The Prussian Blue method 
(Vichoever ̂  Johns 1915) which depends on the formation of the 
insoluble ferric ferrocyanide complex, Fe4[Fe(CN)5I3, is also very 
sensitive to cyanide. 
The ability of the cyanide ion to form stable complexes and cause 
demasking of inner complex-bonded transition metals has been amply 
demonstrated by Schwarzenbach and Flashka (1969). Feigl:md Fejgl 
(1949) reported a colorimetric procedure in isiiich the demasking of 
dimethylglyoxime, by the action of cyanide on palladium 
dimethylgloximate complex, permits nickel ions present to form a red 
dime thy Igloximate. Similarly, several methods involving the masking 
and demasking of mercury (II) complexes have been used for the deter-
mination of cyanide (Ohlweiler and Meditsch, 1958; Hikime and Yoshida, 
1961; Nomura, 1968). 
A specific fluorimetric method, based on the fluoresence 
produced by the reaction of cyanogen chloride and nicotinamide, has 
been developed by Honker (¿t at. (1957). Guilbault and Kramer (1965) 
used the reaction of cyanide and p-benzoquinone to form a fluorescent 
species. 
An ultraviolet spectrophotometric method was reported by 
Scoggins (1972). It is based on the reaction of cyanide and nickel 
ions in ammoniacal solution to form the tetracyanonickelate (II) 
anion, which exhibits an absorbance maximum at 267 nm. 
GENERAL COLÖRIMETRJC PROCEVURES 
General colorimetric procedures fall into two main categories. 
Picric acid (Chapman, 1910) has found widespread use because of its 
simple procedure, easily prepared reagents and stable colour 
development; but it does lack sensitivity. Labile cyanides can be 
detemined by employing a catalytic reaction (Feigl and Caldas,1955; 
Guilbault and Kramer, 1966), in which p-nitrobenzaldehyde reacts with 
cyanide to give a cyanohydrin, that then condenses with o-dinitrobenzene 
in alkaline solution yielding a violet coloration. 
KÖNIG REACTION 
The König synthesis (König, 1904) of pyridine dyestuffs, 
wherein cyanogen halide reacts with pyridine and an aromatic amine to 
form a dyestuff, is a very specific procedure. Free and labile cyanides, 
including thiocyanate, are oxidised to either cyanogen bromide by 
reaction with aqueous bromine (Aldridge, 1944) or cyanogen chloride by 
chloramine-T (Epstein, 1947) or N-chlorosuccinimide (Lambert ¿t a/,, 11975) 
The cyanogen cation then serves to cleave the pyridine ring 
producing an intermediate which hydrolyses to a conjugated dialdehyde, 
glutaconic aldehyde. The glutaconic aldehyde is then coupled with a 
primary amine or a compound containing reactive methylene hydrogens 
(RH2) to yield a pyridine dyestuff. 
2CN" + Br^ ^ 2CN'^ Br" 
2 Ĥ O + NC-N^^^ ^ 0=CHCH=CHCH2CH=0 + Ĥ NCN + H"̂  
0=CHCH=CHCH2CH=0 + 2RH2 — ^ R=CHCH=CHCH2CH=R 
COLOURED SPECIES 
Aldridge (1944) used bromine water to oxidise cyanide species to 
cyanogen halide, and then coupled benzidine to fom a dyestuff. This 
procedure, although it requires the use of a carcinogenic amine, is quick, 
uses stagle reagents and suffers from few interferences. There has been 
some controversy (Saltzman, 1961) regarding the stability of the dyestuff 
and the most suitable wavelength to measure the absorbance of the colour 
produced. Baker ei at., (1955) demonstrated that this method is not 
susceptible to interference from strong reducing reagents. Finally, 
Nusbaum and Skupeko (1951) introduced a solvent extraction step to enable 
the colorimetric procedure to be used for cyanide analysis in turbid 
industrial samples. 
Epstein (1947) oxidised cyanides to cyanogen chloride using 
chloramine-T, and then used a pyridine-pryazolone mixture for the dyestuff 
formation. This method has the advantage that it may be carried out in 
acid, neutral and slightly alkaline conditions, but suffers from requiring 
an unstable reagent and as reported by Higuchi et aZ,, (1975) is susceptible 
to interference due to oxidation of the chloramine-T. Asmus and Garschagen 
(1953) used chloramine-T in conjunction with barbituric acid, and 
Mirty and Viswanathan (1961) 
substituted barbituric acid for benzidine. In a later publication, 
Bark and Higson (1964) investigated the use of p-phenylenediamine 
as a selective coupling reagent in the original Aldridge procedure, 
and obtained similar results as for benzidine; leaving the balance 
in favour of p-phenylenediamine due to the known carcinogenic 
properties of benzidine. Recently, Lambert oX at, (1975) reported 
their investigation of the use of N-chlorosuccinimide stabilised with 
excess succinimide, as the oxidising reagent, with various coupling 
components in the König reaction. 
mcLusroM 
The majority of cyanide analytical techniques have their 
susceptibility to interference eliminated by preliminary distillation. 
This however, does not exclude sulphide interference, which is usually 
removed by precipitation with heavy metals, resulting in the risk of 
occlusion of appreciable amounts of cyanide by the precipitate (Karchmer 
and Walker, 1955). 
Although they constitute some of the most reliable of absolute 
techniques, titrimetric procedures usually require preliminary separation 
by distillation, lack the required sensitivity (i.e. 5mgl'^), are subject 
to sulphide interference and are lengthy in analysis time. 
The Polarographie and amperometric methods discussed are usually 
selective, fast and quite reproducible. They are useful for the 
determination of low concentrations of cyanide, but require sophisticated 
instrumentation and electrode systems, and are usually subject to 
interference by samples with both high inorganic and organic loadings. 
Direct determination of cyanide by ion-selective electrode potentiometry, 
has been a promising recent development. However, the technique incurs 
severe interference by both chloride and sulphide, precluding any use 
in saline industrial effluents. 
Gas chromatographic techniques require the use of sophisticated 
instrumentation and lengthy analysis procedures. 
Colorimetric methods based on metal complexation procedures 
usually have the required sensitivity, but are non-specific for 
cyanide. The Prussian Blue method requires volatilization of the 
cyanide and its absorption on treated filter paper, leaving it 
subject to errors of separation. The procedures based on the König 
reaction are by nature very specific for cyanide in its labile forms. 
The formation of cyanogen halide and its role as the reactive species, 
allows determination of cyanide in all its labile forms. Techniques 
which use CN" ion or HCN molecule as the analyte ion, are not capable 
of this. Although the use of benzidine, has its obvious drawbacks, 
barbituric acid requires a relatively large sample and colour development 
of approximately 40 min~, at 40°C, while the pyridine/pyrazolone is 
time consuming to prepare and a relatively unstable reagent. Any 
reducing species such as sulphide will be consumed by the cyanide 
oxidising reagent, but the only indication of sufficient oxidant 
remaining to quantitatively oxidise cyanide species to cyanogen halide 
is the colour of excess bromine. 
Cyanide stock solutions are best standardised by the method of 
Ryan and Culshaw (1944). This direct titration, in alkaline conditions, 
of cyanide with silver nitrate titrant uses p-dime thy laminobenzylidine 
rhodanine indicator for endpoint detection. 
CVANIVE S?ECiATiOf4 
In an effluent that contains various species of cyanide, a 
method must have the capability of determining and differentiating 
between these species. The cyanide content which may be tolerated in 
an effluent is related to its toxicity, which depends upon the form 
in which the cyanide is combined. Thus it becomes important to be 
able to determine separately the biologically reactive and non-
reactive cyanide. The major species of cyanide that are relevant to 




complex cyanides - labile and non-labile 
cyanogen chloride 
The use of a colorimetric technique based on the formation of 
a pyridine dyestuff from a cyanogen halide will enable all of the 
above species, except non-labile complex cyanides, to be quantitated 
separately. Jenkins al, (1966) reported that stable, non-reactive 
cyanides included the hexacyanoferrate (II) and (III) complex ions 
and copper (II) cyanide; labile species included complex cyanides of 
zinc and cadmium and the simple cyanides of zinc, cadmium and lead. 
Labile cyanides can be determined in the presence of complex 
cyanide by a vacuum distillation procedure (Roberts and Jackson, 1971), 
using zinc acetate to prevent decomposition of complex cyanides and 
vacuum to lower the boiling point of the sample. Total cyanide 
concentrations can be determined by distillation at atmospheric 
pressure from a strongly acid medium (Blaha, 1967). To ensure the 
quantitative decomposition of stable species such as the ferricyanide 
anion, the procedure of Goulden eX al., (1972) involving the 
decomposition of complex cyanide by ultraviolet irradiation can be used. 
A more recent technique has been reported by Ramseyer ^ Janauer, (1975) 
who used reactive ion exchange to separate and quantitate soluble hexacyano-
ferrate (II) and (III) ions. 
ANALVTJCAL METHOVS USEV FOR CVANWE 
During the course of this project three methods of analysis were 
used to determine cyanide concentrations. In the initial stages of the 
investigation, cyanide liberated as gaseous hydrogen cyanide, HCN, was 
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determined as the tetracyanonickelate anion, Ni(CN)4 in an ammoniacal 
solution. Although interferences from sulphides and other constituents 
of effluent samples caused this method to be changed, its simplicity in 
analysis of the synthetic samples used initially, proved very valuable. 
Free cyanides were determined by reflux and aeration, under vacuum, of 
sample solutions dosed with zinc acetate. The evolved HCN was absorbed 
by ammoniacal nickel chloride solutions, the optical density of which was 
measured at 267 nm in the ultraviolet. 
Total cyanides were determined in a similar apparatus using 
reflux/aeration from boiling, strongly acidic solutions, at atmospheric 
pressure. The entrained molecular HCN was absorbed in ammoniacal 
nickel chloride as before. The reflux vessel was also irradiated with 
an ultraviolet lamp to assist in the decomposition of complex cyanides 
The analysis of actual effluent samples required a method capable 
of detecting all the previously listed species of cyanide, as well 
as not being susceptible to interference by ions such as sulphides. 
The methods based on the König reaction, converting 
reactive cyanide species into a cyanogen halide, was a logical 
choice from the view point of simplicity in determining the required 
cyanide species. This method involved the bromine water-pyridine-
benzidine procedure of Aldridge (1944) modified by the use of solvent 
extraction into n-butanol (Nusbaum ^ Skupeko, 1951) for a turbidity 
free colorijaetr.ic - determination. 
After further investigation, this procedure was again modified 
by using p-phenylenediamine as the coupling reagent to eliminate the 
use of carcinogenic benzidine, and by increasing the concentration of 
the pyridine hydrochloride reagent, resulting in more reproducible 
results. Hence, free cyanide, thiocyanate, cyanogen chloride and 
labile complex cyanides were determined directly, without prior 
separation by reflux/aeration, according to the procedure outlined by 
Nusbaum and Skupeko (1951). Non-labile complex cyanides were decomposed 
by boiling phosphoric/hypophosphorous acid solutions and uv irradiation; 
the acid mixture creating a sufficiently reducing environment to prevent 
cyanide loss by oxidation. The molecular hydrogen 9>^anide evólveki Was 
swept into absorption tubes containing dilute sodium hydroxide, from 
whichajialiquot was taken for cyanide analysis. 
CHEMICAL OXYGEN DEMAND 
Chemical oxygen demand can be defined as the capacity of the 
chemical constituents of an aqueous sample to consume oxygen. The 
nomal procedure is to measure this by reaction of these constituents 
with a strong oxidant under conditions that will accelerate the 
determination. 
The standard procedure has been to reflux an aliquot of sample 
in a solution of dilute potassium dichromate and strong sulphuric 
acid for a fixed period of time and then determine the unconsumed 
Cr (VI). Fitter and Se-Kvan-So (1962) investigated the use of iodate 
instead of dichromate as the oxidant and Steinmetz and Losonczy (1964) 
substituted a chloramine-T/hydrochloric acid systm to quantitate the 
COD. The use of potassium permanganate was evaluated by Nikolaeua 
and Skopintsev (1965), as was eerie sulphate by El-Dib and Ramadan (1966) 
However, these inovations were reviewed by Mihail and Musetescu (1966), 
and were found not to be as satisfactory as dichromate for determination 
of the oxidisability of water. A total organic carbon (TOC) procedure 
was first introduced by Goldstein (1968) and subsequently shown to 
produce results which bear some correlation with COD values. Jones 
(1969) compared TOC, BOD and COD values of various water bodies and 
concluded that good correlation can only be obtained when wastewater 
is from a single source of relatively constant composition. He also 
stated that while BOD and COD tests are affected by oxidisable 
inorganics, the TOC is unaffected by the inorganics normally found in 
water. 
The standard dichranate procedure (Standard Methods, 1971) uses 
acid concentrations and heating times which will oxidise up to 95^ of 
the organic matter present, but 100% of the chloride ion is also 
capable of being oxidised. Dobbs and Williams (1963), used mercuric 
salts to form undissociated mercuric chloride v/hich prevented the 
majority of the chloride being oxidised; but there remains a probl^ 
due to chloride interference in wastes of low to moderate COD with 
chlorinities approaching that of seawater. This is due to the fact 
that the degree of oxidation of choride is not predictable under 
practical conditions (Moore ot al. 1949). Baumann(1974) reported that 
"the fraction of chloride oxidised does not appear to be dependent on 
chloride concentration, sample vs. dichromate and acid volumes, nor 
the amount of mercuric salt added; rather, it appears to vary with 
the substrate." He demonstrated that chloride oxidised in the dichromate 
reflux procedure could be quantitatively accounted for. In conjunction 
with mercuric sulphate addition, chlorine liberated by the oxidation 
of chloride can be corrected for by purging the system with 
nitrogen, collecting molecular chlorine in an acidified iodide 
solution, and backtitrating with sodium thiosulphate. This method was 
used to determine COD values of the saline samples in this project. 
DISSOLVED OXYGEN 
Dissolved oxygen determinations were perfomed using the Winkler 
method and modifications detailed in Standard Methods (1971). In the 
case of samples from the blast furnaces which contained ferrous iron, 
the permanganate modification was used. However, due to large amounts 
of undissolved solids, this procedure was also modified by use of the 
alum modification prior to the permanganate modification of the 
analysis procedure. Samples from the coke ovens contained very little 
dissolved ferrous ion, but did contain some suspended solids; thus 
only the alum modification was implemented in this case. 
PHENOL DETERMINATION 
The toxic nature of phenolic compounds, defined as hydroxy 
derivations of benzene and its condensed nuclei, make it necessary to 
survey industrial effluents for their presence. 
The main procedures for the determination of phenols include: 
Bromlnat ion 
U.V. Absorption 
Color imetr ic 
Gas Chromatography 
Bn.0mlYL0Uti0Yi methods (Scott, 1931) are based upon the bromination 
of phenols in a sample with a standard solution of potassium bromide 
and potassium bromate, the excess being determined by titration. 
Although a good method for standardisation of stock phenol solutions, 
reducing reagents and unsaturated organic compounds found in effluent 
samples will interfere. The procedure also takes no account of the 
number of sites available in the phenol nucleus for bromination. 
The principle of the uJUaovIoIoX. ab^o^ption method (Clark, 1970) 
is the relationship between the amount of ultraviolet light absorbed 
on passing through the sample and the concentration of phenols in the 
sample. In the case of coloured or turbid samples, preliminary 
distillation must be carried out. 
The most common reagents used for (iolonJjn(iXAA,(i estimation 
of phenols include p-aminodimethylaniline (Palaty and Deylova, 1960) 
and 4-aminoantipyrine (Emerson oX at. 1943). The 4-aminoantipyrine 
test (Standard Methods, 1971) is based on the oxidation by potassium 
ferricyanide to give a coloured antipyrine dye; and v^ile it is fast 
and accurate, some other ring compounds give the test and many aromatic 
hydroxy compounds with an occupied para position do not react. Some 
other nonspecific methods are based mostly on coupling of phenol with 
diazonium salts of sulphanilic acid (Fox and Gange, 1920), p-nitroaniline 
(Malz, 1964) and hydrazinobenzene sulphonic acid (Tallone and Hepner, 
1958). Chrastil (1975) has reported a colorimetric procedure using 
soluble eerie salts in the presence of hydroxylamine to form a stable 
orange coloured complex with aromatic hydroxy compounds. 
A ahAomcutogmpivic procedure allowing direct injection of 
aqueous samples was reported by Baker and Malo (1967), while alternative 
methods require carbon absorption/chloroform extraction (Eichelberger 
eJ: at, 1970) or ion-exchange separation (Chriswell, 1975) before 
injection into the gas chromatograph. 
In the present study, the following phenols were standardised 
in stock solution by the bromometric method (Standard Methods, 1971). 
For total phenol estimation, the 4-aminoantipyrine procedure (Standard 
Methods, 1971) was modified to use the extraction procedure of Afghan 
(Lt at, (1974). This method separates the phenols from the sample 
solution by solvent extraction at pH2.0 into n-butyl acetate, followed 
by back extraction into sodium hydroxide, with subsequent work-up by 
the standard procedure. Speciation of the phenol sample was carried 
out by the tentative gas chromatographic method given in Standard 
Methods (1971) which is an adaptation of the direct aqueous injection 
procedure of Baker and Malo (1967). 
SULPHIDE DETERMINATION 
Sulphides have long been determined by precipitation as heavy 
metal sulphides; Roddy (1965) expelled all hydrogen sulphide (H2S) 
gas from a sample using an inert gas, and precipitated it on lead 
acetate impregnated paper. Nusbaum (1965) used p-aminodimethylaniline 
as the colorimetric reagent for sulphide determination. Cline (1969) 
reported the use of a mixed diamine reagent and Bethea and Bethea (1972) 
used sodium nitroprusside as the colour forming reagent. 
The standard procedure (Standard Methods, 1971) is either the 
methylene blue colorimetric method or the titrimetric iodine procedure, 
where it is necessary to evolve the sulphide in a stream of inert gas 
and collect it in a zinc acetate solution before titration. 
Sutherland (1970) used a silver -silver sulphide electrode to 
determine total sulphide on field sanóles. Later, Barica (1973) 
described the standardisation of sulphide solutions by Potentiometrie 
titration with silver nitrate using a silver-silver sulphide electrode 
system. 
For simplicity and speed of determination of labile sulphide 
samples, total sulphide concentration was determined by ion-selective 
electrode potentiometry using a multiple standard addition technique. 
The silver-silver sulphide electrode used in this study has been 
evaluated by Mor oJ: at. (1975) for use in a seawater medium. The 
standard addition procedure outlined in the following section, overcomes 
the major difficulties associated with direct Potentiometrie 
measurement in such diverse media as saline industrial effluents. 
Sulphide standard solutions were titrated potentiometrically with lead 
nitrate solution, using the above electrode system. 
StandoAd Addutlon lon-SdizctAJOQ, EtacXAodz VotdYvtlomoJyiy 
This standard addition technique, \̂ îch incorporates a computer 
approach to ion-selective electrode potentiometry, was devised by 
Rechnitz and Brand (1970) to provide a quick, alternative approach to 
obtaining high accuracy by direct potentiometry. It does this without 
prior knowledge of the electrode calibration curve. 
In general, for any number, (j-1), of additions of V^ mis of 
solution of known concentration to V mis of solution of unknown concen-
tration C. cj 
CV I C|Vi 
E{ = Eo + S log i^i (1) 
a 
V + E Vi 
i = l 
where V^ = 0. The use of concentration rather than activity implies 
that ionic strength of the unknown is not seriously altered by the 
standard addition. 
If the slope S is known, in principle only a single addition is 
necessary to detemine C; Equation (1) gives and which can be 
solved '.simultaneously for C. For the more general case of multiple 
additions the graphical method of Gran (1952) can be applied (Liberti 
and Mascini, 1969) to linearise Equation (1). 
The possibility also exists of solving Equation (1) without a 
prior knowledge of S; with a minimum of two additions, the system of 
equations is overdefined and it is necessary to select the best values 
of E, S and C to fit data to Equation^(1). 
This problem is solved by use of a non-linear least squares curve 
fitting procedure for an equation of the form 
y = f ( x ,a ,b ,c ) (2) 
where y = E^, x = V^ and a, b and c are the undefined constants 
E, S and C. In general this type of curve fitting method required 
that initial estimates for a, b and c, i.e., a^jb-^, and c-;̂ , are known. 
By successive approximations the estimates for a, b and c are refined 
until there is little difference between â ,̂ bj^, c^ and â +̂iy bĵ +̂ j 
Cĵ +2» the process is stopped. 
One method (Pennington, 1965) of making these successive 
approximations is applicable when the partial derivatives of f(x,a,b,c) 
with respect to a, b and c are easily obtained; Taylors Formula 
then gives 
y = f(x,a„b„c,) + 6a + 6b 
'n ^ ^^ 
The coefficients 6b and 6c are now the unknowns in this 
linear equation and their values can be obtained by a linear least 
squares fit. Then 
^n+l = an + 
bn+1 = bn + «b 
Cn+1 = ^n + 
This method is then applied to Equation (1). Initial estimates 
for EQ, S and C are obtained by assuming the electrode slope is 
Nemstian, which is a close approximation, 
s = 59/n 
where n is the ionic charge (negative for anions). 
Values for EQ and C are obtained by simultaneous solution of 
Equation (1) for E^ and E2 
c = 
C2V2 
(V2+V)exp 2.303(E2-Et)/S -V 
(4) 
Eq = E - S log C (5) 
The partial derivatives of Equation (2) are 
8E 
= 1 (6) 
8E 
= log 
CV + E C.y. 
i = 1 
a 
V + E Vj 
i = 1 
= X: (7) 
dE 
W 
SV: log e 
CV + E CjV| 
i = 1 
= Yi (8) 
An error function is calculated 
Zi = Ej - Ec - Sxi (9) 
Values of AEQ,aS and AC are then calculated by a least 
squares fit to the equation 
Z] = AEQ + ASx| + ACyi ....(10) 
The estimates of EQ, S and C are corrected by addition of AEQ, AS 
and AC respectively, and the calculations of Equations (6) to (10) 
repeated until the values of Eq, S and C converge. 
On this basis, a Fortran IV program was drawn up, based on that 
of Rechnitz and Brand (1970) to run on a UNIVAC 1106 computer. 
Application of this method allows direct potentiometry to approach 
the accuracy which has previously been attainable only by Potentiometrie 
titration. 
AMMONIA DETERMINATION 
The main procedures for the determination of ammonia in 
aqueous samples include: 
Ti trat ion 
Nessler Reaction 
Indophenol Blue/Phenol Hypochlorite Method 
Ammonia Specific Ion Electrode 
When industrial effluents containing strongly interfering 
substances are encountered, the first three of the above procedures 
usually require a preliminary distillation step to eliminate these 
interferences. This immediately introduces a limitation on the speed 
and efficiency of the analysis. Free ammonia can be recovered when 
the distillation mixture is kept near pH 7.4 by use of a phosphate 
buffer. When the pH is too high, certain organic nitrogen compounds 
are converted to ammonia and when the pH is too low, the recovery of 
ammonia is incomplete. 
The tJJJuxti.0Yi method involves the distillation of ammonia into 
boric acid (Standard Methods, 1971) with subsequent titration of the 
ammonia with a standard solution of a strong mineral acid. 
The NzyŜ loJUzcution method (Standard Methods, 1971) is a 
colorimetric procedure based on the graduated series of yellow to brown 
colours produced by the reaction of ammonia with Nessler Reagent. It 
suffers the inherent disadvantages of a colloidal colour system so 
that it is neither very reliable nor sensitive. 
The catalysed reaction of ammonia, phenol and hypochlorite 
to form the indophenol blue colour, as first described by Bertholet 
in 1859, forms the basis of the numerous Indophenol Blue/Phenol-
Hc/pochlo/uXc methods for ammonia determination. Manganese (II) 
7i 
sulphate, acetone and sodium nitroprusside are the common catalysts 
used to give adequate sensitivity at room temperature, and decrease 
the time dependence of the reaction sequence. Mann (1963) showed that 
nitroprusside was a better catalyst than manganous ion and Harwood and 
Huyser (1970) reported the superiority of nitroprusside over acetone. 
Various oxidising reagents have been introduced as alternatives for 
hypochlorite; Acuna (1961) used a chlorine water reagent. Datsko and 
Kaplin (1962) introduced sodium hypobromite while Newell (1967) reported 
the use of chloramine-T as an oxidising reagent. Kennewell and Long 
(1974) made a very detailed comparative analysis of the Indophenol 
blue methods of Harwood and Kuhn (1970) and Solorzano (1969). They 
concluded that Solorzano's Method, used by Major ot aZ. (1972) for 
seawater analyses, was suited for this type of matrix; but for waters 
of low hardness the method of Harwood and Kuhn was superior in both 
precision and sensitivity. 
The ammonia gas-sensing ¿pzc^ilc. Ion ^Zzct/iode, (Orion, 1971) 
uses a hydrophobic gas-permeable membrane to separate the sample 
solution from the electrode internal solution. This membrane 
prevents ionic species from entering the internal solution, thus 
eliminating interference due to dissolved inorganic species. 
Dissolved ammonia in the san^le solution diffuses through the membrane 
until the partial pressure of ammonia is the same on both sides of 
the manbrane. In any given sample, the partial pressure of ammonia 
will be proportional to its concentration. Ammonia diffusing though 
the membrane dissolves in the internal filling solution and, to a 
small extent, reacts reversibly with water in the filling solution: 
NH3 + H2O + OH" 
hence at equilibrium 
m OH 
NH 3 J 
= constant 
The internal filling solution contains ammonium chloride at a 
sufficiently high level so that the ammonium ion concentration can be 
considered fixed. Thus, 
OM" NH. X constant. 
The potential of the electrode sensing element (with respect to 
the internal reference element) varies in a Nemstian manner with 
changes in the hydroxide level: 
E = EQ - S log [oh 
where S is the Nemstian slope. 
Substitution in the above equation shows that the electrode 
response to ammonia is Nemstian: 
E = Ê  - S log [ NH^" 
Thomas and Booth (1973) together with Kennewell and Long (1974) 
evaluated the electrode procedure, using the standard addition technique, 
and concluded that the electrode is effective over a large concentration 
range with acceptable precision and accuracy. 
The ammonia selective ion electrode was used for ammonia 
deteminations in this project. Due to the Nemstein response of this 
electrode systoin, a computer-ass is ted standard addition technique 
similar to the one previously described was able to be used. 
HEAVY METAL ANALYSIS 
Heavy metal analyses were performed in a number of different 
ways depending on the concentration of the analyte ions and the 
characteristic matrix of the sample. Some samples, especially those 
from the coke ovens were heavily loaded with organics, necessitating 
an oxidative sample dissolution procedure and/or separation step being 
used prior to analysis. 
Solvent extraction of a metal chelate complex in seawater was 
reported by Brookes oX al. (1967) using the ammonium 
pyrrolidinedithiocarbamate chelate (APDC) and methyl isobutyl ketone 
(MIBK) organic phase, with subsequent analysis by flame atomic 
absorption spectroscopy. This APDC/MIBK system was later refined by 
Brewer zX al, (1967) and modified for use of smaller volumes by 
Kremling and Peterson (1974), who performed the analysis with a carbon 
rod atomizer/atomic absorption system. Kinrade and Van Loon (1974) 
made a re-appraisal of various extraction systems and concluded that a 
mixed system using APDC and DDDC (diethylammonium diethyldithiocarbamate) 
gave the best precision and accuracy and was at the same time relatively 
free from interferences. 
Everson and Parker (1974) investigated the possibilities of 
replacing MIBK with an organic solvent which was less soluble in the 
aqueous phase. The only viable alternative was 3-heptanone which 
was 4-5 times less soluble in the aqueous phase at 250C, had comparable 
extraction characteristics to MIBK, but resulted in less sensitivity 
due to greater efficiency of nebulization of MIBK. 
The technique that was investigated for use in this project was 
that o£ Parker (1972). However, solvent extraction of trace metals 
from systems containing large amounts of dissolved iron using 
APDC/MIBK results in an insoluble black iron-APDC precipitate being 
formed and extracted into the organic layer, thus jeopardising any 
meaningful analysis. This was also reported by Jenne ^ al. (1974) 
when detemining soil extracts with an APDC/MIBK procedure. 
Chelating ion-exchange resins such as Dowex-AI (Biechier 1965) 
and Chelex-100 (Riley and Taylor, 1968) have been used with success to 
separate and concentrate trace metals from seawater. Chelex-100, a 
purified form of Dowex-AI is capable of separating the major heavy 
metals fran the alkali metals and alkaline earths, the major cations 
present in seawater. However, analysis time can be prolonged by the 
fact that the resin changes its particle size very markedly as its 
counter-ion is changed, causing difficulty in maintaining a reasonable 
flow rate through the column. Mizzarelli and Sipos (1970) reported 
the use of Chitosan to collect the four main heavy metals zinc, copper, 
cadmium and lead from seawater. Dingman zt aZ. (1972) used a polyamine-
polyurea resin for concentrating heavy metals and subsequently reported 
(1974) the synthesis of a dithiocarbamate resin for heavy metal 
complexation. Reversed phase column chromatography with organic solvents 
adsorbed on the surface of small particle supports was proposed by both 
Knapp al, (1975) and Topping and MacCrehan (1974) as a potential 
method of trace metal separation and concentration. 
Smith (1974) used Chelex-100 in a batch mode which was successful 
in extracting manganese quantitatively, but proved to be very time 
consuming. A detailed investigation of the adsorption characteristics 
of this resin has been made by Florence and Batley (1974), who found 
that although ionic spikes o£ all four heavy metals listed previously 
were retained quantitatively on a column o£ Chelex-100, the naturally 
occuring labile and non-labile forms of these metals which are found 
in seawater were not quantitatively removed. 
Direct trace metal analysis of some saline samples was possible 
using differential pulse anodic stripping polarography (Florence, 1972) 
with either a glassy carbon thin film electrode (Florence, 1970) or the 
hanging mercury drop electrode (Siegerman and O'Dom, 1972) depending on 
the sensitivity required and the interferences encountered (Batley and 
Florence, 1974). 
For high levels of heavy metals in saline samples, it was 
possible to effectively eliminate non-atomic absorption matrix effects, 
encountered in atomic absorption spectroscopy, by sample dilution with 
subsequent analysis by flame A.A.S. incorporating non-atomic background 
correction. 
Hence the viable alternatives for this project were the above 
atomic absorption/dilution technique if the metal concentrations were 
quite high (i.e., above 1 mgl , or analysis by polarographic 
techniques. 
Differential pulse anodic stripping voltammetry was used for 
metal concentrations below approximately 100-200 vgl ^ while just 
differential pulse polarography was used for higher concentrations of 
labile metals. For samples containing high levels of organics, an 
oxidative pretreatment procedure was implemented. 
ANALYSIS OF PEROXY COMPOUNDS 
Caro's Acid is prepared commercially by mixing oleum (SO3 
dissolved in H2SO4) and high strength hydrogen peroxide (50-95%) 






In acidic conditions peroxymonosulphuric acid is more stable 
than peroxydisulphuric acid, but under either neutral or alkaline 
conditions the relative stability is reversed. Caro's acid decomposes 
in solution by hydrolysis to produce sulphuric acid and hydrogen 
peroxide: 
H2SO5 + H2O i H2SO4 + H2O2 
The hydrolysis is accelerated by high concentrations of sulphuric acid 
(Remy, 1956) and is least in dilute sulphuric solutions (Durant and 
Durant, 1970). 
However, the main reasons for the degradation of peroxymonosulphuric 
acid solutions in acidic media are the presence of heavy metal 
impurities (Yumine, 1974) such as iron and copper which act as catalysts, 
and thermal decomposition. Caro's acid solutions are relatively stable 
over long periods of time (approximately 12 months) if kept cool (4°) 
and even remain stable when kept at ambient conditions for a few days. 
The name Caro's acid is derived from the first identification of the 
peroxy acid species by H. Caro in 1898. 
There exists no stable gravimetric technique for the 
determination of peroxymonosulphuric acid and although polarographic 
techniques are capable of determining total concentrations of peroxy 
acid mixtures (Kolthoff and Miller, 1951; Daniels et al. 1957), Caro's 
acid cannot be determined individually. Acid-base procedures are 
generally not applicable, while Overston and Rees (1950) have reported 
a spectrophotometric technique,Pungor eX aZ, (1954) reported a titrimetric 
procedure which depended on the liberation of iodine for the detemination 
of the various species of peroxy compounds. Csanyi and Solymosi (1954) 
used a Ce(IV) titrimetric method with arsenous acid as the reductant 
and osmium tetroxide as the catalyst. They later (1958) modified this 
procedure to eliminate some sources of error by altering the acid 
concentration and carrying out the titration at lower temperatures. 
This analysis procedure was used in this study to standardise the 
Caro's Acid solution. 
More recently, Mariano (1968) reported a spectrophotometric 
technique involving Cerium(IV) and iron(II), with oxidised iron(III) 
being determined spectrophotometrically. Csanyi (1970) incorporated 
the use of iron (I I) as a measure of the total oxidising power of a 
peroxy acid mixture as well as using a titanium(IV)-peroxide complex to 





As was mentioned in the introductory chapter, the effluents 
from the coke ovens final gas coolers and the blast furnace Brassett 
washers, have a similar saline matrix. However, they possess different 
levels of the more toxic contaminants which characterise each effluent. 
The levels of these contaminants can vary markedly due to the 
nature of raw materials and the process operating conditions, as has 
already been described for the case of zinc in the Brassett washer 
effluent. But there always remains a marked difference between the 
two effluents. 
With fluctuations taking place as described above, the only means 
of fully characterising each effluent would entail twenty four hour 
'Un ¿¿tu" continuous monitoring for the fifteen or so variables that 
are necessary for a reasonably complete characterisation. This would be 
a mammoth task and well out of the scope of this project, however, 
as a future step in the natural progression from this study such a 
program encompassing at least the more pertinent parameters would be 
vital in commissioning an industrial scale plant. 
The alternative which was pursued in this project was a sampling 
program to determine the basic nature of each effluent and the range and 
mean values of each of the major contaminants over an extended period 
of time ranging up to two years. The principal toxic species are cyanide 
and zinc, and their characteristic concentrations can be seen in the 
following table. 
TABLE 6 
CHARACTERISTIC CYANIDE AND ZINC CONCENTRATIONS IN 
COKE OVENS^i AND BLAST FURNACE^^^^ EFFLUENTS 
COKE OVENS BLAST FURNACE 
Mean^ Range Mean Range^ 
CYANIDE 
Free 87 54-17^ 20 0.3-5.6 
Complex 3 0-21 0.1 0.0-0.3 
Thlocyanate 0.3 0.1-0.5 < 0.1 
ZINC 
Total < 0.05 11.6 
" Napthalene tank overflow to main drain 
"" Blast furnace thickener overflow to main drain 
+ as CN" (26.02) 
The characteristics that emerge from this table are that the 
majority of the cyanide originates from the coke ovens final gas cooling 
effluent, while the blast furnace is responsible for almost all the zinc 
present in the effluents. 
The secondary parameters that follow in Table 7 were quantitated 
so as to obtain a better understanding of the chanical make-up of each 
effluent in order to be able to design and evaluate a possible treatment 
procedure. As is evident from this table the coke ovens effluent is 
characterised by high sulphide, ammonia, phenol, chanical oxygen demand, 
alkalinity as well as the cyanide species noted previously. On the other 
hand, the blast furnace effluents are typified by high suspended solids, 
high temperature, lower pH due to the hydrolysis of dissolved iron and 
high zinc values. 
so 
TABLE 
TYPICAL COMPOSITION OF BLAST FURNACE 
AND COKE OVENS GAS SCRUBBER EFFLUENT 
COKE OVENS BLAST FURNACE--' 
CYANIDE (CN") mgl ^ mgl 
Free 75.0 1.33 
Compi ex 4.0 0.03 
Thiocyanate 0.3 0.00 
Sulphide (S") 29.7 < 0.1 
Ammonia (NH^) 35.0 3.5 
Phenol (C^H^OH) 0.8 < 0.1 
Dissolved Oxygen (DO) <0.1 3.5 
Chemical Oxygen Demand (COD) 338 28 
Alkalinity (CaCO^) 138 98 
Salinity 35 35 
Suspended sol ids < 10 kk 
pH 6 . 7 - 8 . 6 6 . 5 - 7 . 0 
Temperature 190.300 320-2^90 
Zn < 0.1 6.0 
Pb < 0.1 0.2 
Cu < 0.1 < 0.1 
Cd < 0.1 < 0.1 
All concentrations mgl as species in brackets except temperature, 
pH and sal in ity. 
" napthalene tank overflow to main drain 
"" blast furnace thickener overflow to main drain. 
SJ 
IRON AS A REAGENT AND A REACTANT 
The role played by iron in this treatment procedure is manyfold; 
as a complexing agent for cyanide, an adsorbent for the scavenging of 
the heavy metal contaminants, a reactant in the oxidation of sulphide 
and as a flocculent for the removal of the above precipitate reaction 
products. 
The above properties exhibited by this ion are dependent on the 
chemical composition of the syston being evaluated and the variables 
associated with it, thus necessitating a closer examination of the basis 
of these properties. 
The type of complexed cyanide species is important to ensure the 
maximum removal of free and soluble complexed cyanide; the factors 
affecting the oxidation and hydrolysis of dissolved iron species are 
critical to the efficient removal of heavy metal ions. Similarly reaction 
conditions are decisive in determining whether the precipitated species 
are to be removed effectively by flocculation and sedimentation. 
MATURE ANV VOmATiON OF COMPLEX CVANWES 
The complex cyaaides of iron are essentially represented by 
hexacyanoferrate (II) (ferrocyanide) and hexacyanoferrate (III) 
(ferricyanide) ions. The alkali metal salts of both are soluble in 
aqueous systems. These cyanoferrâtes are cubic in structure, the iron 
atoms lying in the corners of the cube, cyanide groups form bridges between 
the iron atoms and lie on the edges of the cube, while K"̂  ions, if 
present, surround the iron tetrahedrally and H2O molecules occupy the 
"octant" hole (Ben-Bassat, 1968). 
The basis of the first stage of the cyanide removal procedure 
used in this study depends on the formation of insoluble Prussian Blue 
n 
anologues as a result of the reaction of hexacyanoferrate (II) and 
(III) ions with soluble ferric and ferrous ions. The solubility of 
these species, as listed below, is approximately equivalent to that of 
amorphous ferric hydroxide, i.e. to lo "̂ .̂ 
TABLE 8 
COMPOUND FORMULA NAME OXIDATION STATE 
OF IRON ATOMS 
SOLUB IL ITY 




F e ( C N ) ^ ' 
F e (CN )^ 
Fe (CN )^ 
2+ 3+ 
P r u s s i a n B lue Fe & Fe 
B e r i i n Green Fe 
3+ 
P r u s s i a n Whi te Fe 
2+ 
(S i m i l a r to above) 
( S i m i l a r to above) 
However, the colour and composition of the complex precipitated 
cyanide varies markedly with changes in pH and on the ratio of iron salt 
to hexacyanoferrate ion at the moment of mixing. Depending on the pH and 
mole ratio of iron to cyanide, either Prussian Blue, Prussian Brown or 
Berlin Green can be formed. This then introduces another variable tied 
in with the complex cyanide speciation - the availability and rate of 
oxidation of ferrous ions and hexacyanoferrate (II) ions by dissolved 
molecular oxygen. In neutral aerated conditions either Berlin Green or 
Prussian Brown are usually formed while slightly acidic conditions favour 
the precipitation of Prussian Blue. Under alkaline conditions the 
precipitation of amorphous ferric hydroxide will take place preferentially. 
Hence the characterisation of the precipitate formed is quite a 
difficult task, and in near neutral conditions should have little effect 
on the residual cyanide concentration due to the close proximity of the 
solubility products of the various cyanide species. 
S3 
OXWATJON Of JROM (11) 
The oxidation o£ ferrous ion in aqueous solutions has been 
studied by a number of investigators since the beinning of the century. 
In bicarbonate solutions within the pH range of 6-8, the reaction rate 
has been reported by Stumm and Lee (1961) to vary according to: 
dt 
Fe Po^ OH 
where k = 8.0 (± 2.5) x litre^ mole"^ atm"^ min"^ at 20°C 
The first order dependence of the rate on the partial pressure 
of oxygen, P, and on the ferrous ion concentration (Fe^^) appears to 
be a characteristic feature of the reaction except in highly acidic 
conditions (pH 2). Here the rate is second order with respect to Fe^^ 
for sulphuric, nitric and perchloric acid solutions and in accord with 
the following equation for most other acidic systems: 
dt 
c 111 r 
Fe °2J 
The second order dependence on OH" persists above pH 5 
where the effect diminishes quickly to comply ^̂ L̂th the above rate 
equation (Figure 6 ). This is reflected dramatically by the example 
that an initial quantity of Fe(II) may have on oxidation half time of 
2000 days at pH 3.5, 300 days at pH 4.5 and 4 minutes at pH 7.0 
(Singer ^ Stumm, 1970). 
The rate of oxidation is dependent upon the nature of the anion 
present (Stumm and Lee, 1961) and has been observed by Huffman and 
Davidson (1956) and more recently Tamura e;t at., (1976) to increase as 
the complexing affinity of the anion to ferric ion increases. The later 
postulated that the hydrolysis equilibria is established for both the 
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O2 + OH O2OH" 
They then replaced the first step in the sequence suggested by 
Weiss (1935) resulting in the following series of steps: 
FeOH"̂  + O2OH 
+ 
Fe^^ + HO2 
HO2' + 
r 2+ Fe + 
c 2+ Fe + OH 
""OH ^ ^ III Fe"" + 
HO2 
Pel" . HÔ ' 
" 2 ° 2 
Fe^^^ + OH" + OH 
. OH-
It was assumed that the first step, with a rate constant 
was rate-determining and the oxygen radical, O2' formed in this step 
was rapidly consumed by oxidising three additional Fe^^ ions in successive 
reactions steps. The rate equation derived on the basis of this reaction 
mechanism was consistent with that derived by Stumm and Lee (1961). 
= i,kOH Kp^o, V h ' 
The stoichiometry of the reaction of Fe^^ with oxygen can be 
represented as follows: 
h Fê "̂  + O2 + kH^ = ZjFê "̂  + 2 Ĥ O 
The effect of anions on the oxidation rate can be explained by 
assuming a ferrous complex with the anion taking part in the oxygenation. 
By denoting the anion by X", the formation of the 1:1 complex can be 
expressed as 
Fe^^ + X- ^ FeX^ 
The FeX"̂  then reacts with O2OH" as follows: 
FeX"̂  + O^OH" • Fê ^̂  + 
and as this reaction proceeds parallel with the previous rate-
determining step, the observed rate of oxygenation will be th sum of 
the rates of these two. 
Jobin and Ghosh (1972) have shown that the buffer intensity 
of a water has a definite influence on the oxygenation of Fe(II) at 
values higher than 4.0 x lO"^ eq/pH unit. Buffer intensity was used 
rather than alkalinity as it correlated directly with pH. For highly 
buffered bicarbonate solutions they proposed the following rate 
expression: 
-d(F^) _ rcllir _ nr...-12 
dt Pe^^] P02 OH 
where B = buffer intensity, eq/pH 
and k = 1.3 X 10^^ litre^ mole"^ atm"^ min"^ pH eq~^ at 25°C 
Catalytic effects have been reported (Cher and Davidson, 1955; 
Stumm and Lee 1961) for cupric ions, manganous and cobalt ions. The 
mechanism is basically as follows: 
Fe(ll) + Cu(TI) < • Fe(Iir) + Cu(I) 
Cu(I) + O2 < — • Cu(IT) + HO2' 
where the H02~ is assumed to react further according the sequence 
previously outlined. 
The role of dissolved organic matter in natural waters is 
another factor which is significant in the kinetics of the 
Fe(II)-Fe(III) reaction. Morgan and Stumm (1964) pointed out that some 
organic substances, especially hydroxy and/or carboxylic groups (e.g., 
phenols, tannic acid and humic acids, etc.) can both reduce and oxidise 
iron (II). Thus, different organic materials can inhibit, retard and 
ZI 
iron (II). Thus, different organic materials can inhibit, retard and 
accelerate the rate of ferrous oxygenation. Theis and Singer (1974) 

















OXIDATION - REDUCTION 
Fe^"^ + OXID. ORG 
The Fe(II) - Fe(III) couple serves as an electron transfer 
catalyst in the oxidation of organic matter by oxygen. 
ss 
mROLVSJS Of JROM (III) 
Ferric iron in aqueous solutions behaves as a polyprotic acid, 
with protons being transferred from the co-ordinated water molecules of 
the Fe(III) ion to the solvent water, in the following sequence, until 
all of the co-ordinated water molecules have been deprotonated, resulting 
in the formation of anionic hydroxo-ferric species. 
+ H^O = Fe (H2O) ̂OĤ "* + H30'' 
+ H2O = Fe(H^O)(OH) + H^O^ etc. 
Although the hydrolysis products for the hydrolysis of Fe.aq̂ "̂  
are all known and identified, the intermediate steps are frequently 
complicated. As well as a few cases of mononuclear products, the above 
simple hydroxo-ferric complexes tend to polymerise by a condensation 
process. 
2 Fe(H20)50Ĥ '̂  
OH 
(Ĥ O). FeC^ ^ F e (H.O). + 2H2O 
The dimer is capable of undergoing a further sequence of 
hydrolytic and condensation reactions, providing additional hydroxyl 
groups which condense via bridge formation as shown above. These 
polymeric hydroxo-species serve as kinetic intermediates in the fomation 
of the solid ferric hydroxide precipitate. The solid phase continues 
to react as the amorphous freshly-precipitated hydroxide and depending 
on the conditions of the reaction mixture, usually forms a crystalline 
hydrated ferric oxide. From the studies of Biedermann and Chow (1966) 
and Lander and Cast (1973), it is known that amorphous ferric hydroxide 
and traces of 3-FeOOH are the predominant forms of hydrous iron oxides 
precipitated from a neutral solution rich in chloride ion; in the 
S9 
absence of chloride ion goethite forms instead of 3-FeOOH, 
especially under alkaline conditions. 
A recent report by Fedotov ei al,, (1975) has validated the above 
outline of the hydro lytic mechanism as well as summarising it fairly 
concisely. Iron (III) polymerisation in aqueous solutions can be 
divided into a series of stages: the formation of mononuclear Fê "̂  
nitrate (as FeiNOj)^. 9H2O was used) and of dimeric hydroxo Fê "̂  
complexes; formation of linear polymeric species of dimers followed by 
formation of double polymeric molecules (or 2 dimensional polymeric 
compounds) v^ich on mutual interaction form 3-dimensional particles. 
At all stages of polymerisation in acidic media anions of the initial 
salt are very active whereas the cations of the base do not affect the 
polymerisation. 
The ability of this precipitate to adsorb heavy metal ions 
depends partly on the isoelectric point of the precipitate which in 
turn reflects the chemical composition of the solid and the electrolyte 
in which it is suspended (Park, 1965). The isoelectric points of 
colloidal suspensions are increased by hydration and further altered 
by adsorption of anions or cations. Below is a table of the isoelectric 
points for unwashed hydrous iron oxides prepared by the addition of 
sodium hydroxide to a ferric salt. 
TABLE 9 
SALT USED lEP REF. 
Ferric chloride 7.2 Mattson & Pugh (193^) 
Ferric sulphate 7.0 Mattson & Pugh (193^) 
Ferric nitrate 8.5 Schuylenborg oX (1950) 
On this basis the lEP of hydrous iron oxide precipitated 
from seawater would be expected to be about 7.0, and pH values approximate 
to this or above would have to be used in order to maxiinise heavy metal 
adsorption. 
APPRAISAL OF CYANIDE AND ZINC REMOVAL 
The experiments to evaluate the removal of cyanide and zinc from 
contaminated solutions were conducted under controlled conditions using 
the apparatus described in the Experimental section. The basic format 
of these batch mode tests was initially to use a spiked ionic medium such 
as seawater to simulate the industrial effluent, thus enabling some 
preliminary understanding of the detoxification procedure to be 
established and some insight gained as to what were the dominant 
variables affecting the process. 
Subsequent to these experiments a similar series of runs were 
conducted on the actual effluent sampled from both coke ovens and blast 
furnace gas cleaning plants. In both these test series, the ferrous 
sulphate addition phase and the peroxymonosulphuric acid (Caro's acid) 
oxidation phase were evaluated separately, and appear that way in the 
disucssion of the results that follow. 
The final stage in this project was to construct a continuous 
flow pilot plant to assess the conversion efficiency from a batch 
process to a continuous flow removal system. The results of this last 
stage of the project are contained in a separate section following this 
discussion. 
IRON (ID SULPHATE AVVJTIOM TO A SPIKEV SEAWATER MEPItiM 
It would appear from a survey of the literature that iron (II) 
sulphate has the capacity of complexing free, labile cyanides to form 
insoluble precipitates. However, except for the work described by 
Pettet (1950), very little good quantitative work has been reported. 
Thus, the probla^i resolves into the fact that improper control of 
reaction conditions could lead to inefficient removal of cyanide, the 
production of large volumes of non-crystalline ferric hydroxide sludge 
and as well, high residual concentrations of unoxidised, soluble ferrous 
iron. From the industrial acceptance vieivpoint, these problems had to 
be overccme. 
All variables which influence the rate and completeness of 
formation of insoluble iron cyanide complexes needed to be thoroughly 
studied. These parameters included the molar ratio of chemical reactant 
to both cyanide and zinc, the pH of the reaction mixture - both at the 
initiation of the experiment and throughout the duration of it, the 
amount of dissolved molecular oxygen available, the duration of the 
reaction and finally the tanperature of the sample to be treated. 
These experiments were carried out in a seawater medium, 
freshly collected, containing only blank levels of both cyanide 
(< 0.01 mgl'^) and zinc (<0.05 mgl'^). This medium was then spiked 
with cyanide and zinc and the experiments carried out as described in 
the Experimental section. 
The first and most obvious reaction variable to be evaluated 
was the dose of ferrous sulphate used with respect to the cyanide and 
zinc concentrations. This was expressed as a molar ratio of iron (Fe) 
to cyanide (CN") in order to gain some indication of the excess of iron 
being used with regard to the stoichiometric ratio of iron-cyanide 
complex formation. It can be seen fran the following listed species, 
what the stoichiometric equivalents are. 
TABLE 10 




KFe [ Fe(CN)^' 
K2Fe[ Fe(CN)^' 
Fe [ Fe(CN)^' 
Fe^ [ Fe(CN)^ 
0.17 Hexacyanoferrate Soluble 
0.33 Prussian Blue 1nsoluble 
0.33 Prussian White 1nsolubi e 
0.33 Beriin Green 1nsolubi e 
0.50 (White precipitate) Insoluble 
where x = 3 or ^ 
Thus, in an undefined complex cyanide system a molar ratio range 
of 0.3 to 0.5 should account for the stoichiometric complexation of free 
cyanide. 
The results of the tests conducted to examine this effect are 
tabulated in Table H- If we assume an initial pH of 7.5 and a reaction 
time of 8 hours with no replaçaient aeration, Figure 7 shows the 
effect that the iron dosage has on the cyanide removal efficiency. 
During the experiments, the pH was held at 7.5 by sodium hydroxide 
addition for 30 min, then the natural pH change, due to hydrolysis of 
non-complexed iron (III), was allowed to take place. As can be seen in 
Figure 7 the free cyanide concentration has been reduced by 
approximately 801 at a Fe/CN ratio of 0.5, however, the complex cyanide 
concentration (expressed throughout as mgl"^ as Œ") is still about 20% 
of the total and hence more iron is required for precipitate fomation. 
At an Fe/CN ratio of 1.0, the cyanide bound as soluble hexacyanoferrate 
has been reduced to below 5% of the initial total, and by Fe/CN =1.50 
TABLE 11 
RESIDUAL CONCENTRATIONS OF CYANIDE, HEXACYANOFERRATE AND 
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iV initial concentration of cyanide and zinc ions were 50 and 
10 mgl"^ respectively for each run. 
pH held at 7.5 by NaOH addition for 30 min only. 
EFFECT OF IRON DOSAGE 




R E M A I N I N G 
M O L A R R A T I O 
Fig. 7 
CONDITIONS: Time 2hours 
pH 7-5 (30 min 
No Aerat ion 
CN" 50 mg!'"" 
Zn^" 10 mgl'"" 
EFFECT OF IRON DOSAGE 




R E M A I N I N G 
10 
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Fig. 8 
C O N D I T I O N S : T ime 2 hours 
pH 7-5 OOmin 
No Aeration 
CN" 50mgl'^ 
Zn^* 10 mg!'"" 
the remaining free cyanide is less than 10% of the original total. So 
it would appear that the iron dosage should be in excess of the amount 
required to give Fe/CN = 1.0. Thus, in order to obtain maximum rem.oval 
characteristics without using a large iron excess, a ratio Fe/CN =1.50 
was chosen for subsequent tests. This can be verified by referring to 
Figure 7 where it can be seen that although the complex cyanide 
curve does not plateau until approximately Fe/CN =1.5. 
The effect of the iron to cyanide ratio on zinc renoval is 
described in Figure 8 , where a similar removal trend to cyanide 
can be observed. An iron to cyanide ratio of 1.0 is sufficient to give 
a removal efficiency of better than 98%. This ratio Fe/CN = 1.0 is 
equivalent to a molar ratio of Fe/Zn =12.6 which according to the woik 
or Gadde and Laitinen (1974) is sufficient for approximately 80% heavy 
metal removal. Considering that at least half of the ferrous ions 
originally added are complexed with cyanide, this would indicate that 
the complex cyanides are also exhibiting some adsorptive capacity. 
The next variable to be investigated was the reaction time, which 
naturally is directly related to the rate of reaction between iron and 
cyanide. For the continuous treatment of contaminated effluents, the 
time factor becomes economically critical, for it essentially governs 
the amount of capital outlay required to build a treatment plant. The 
longer the reaction time, the greater the retention volume required of 
the plant, and hence a greater capital outlay that is necessary for 
construction. 
It is apparent from Figure 9 that the reaction nears 
completion within 1 to 2 hours, and nothing further is gained by extending 
the reaction time. A similar trend exists for the soluble complex 
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experiments, a maximum reaction time of 2 hours was assumed, even though 
in a spiked seawater medium removal could be effected in less time. 
The reason for choosing a slightly longer reaction time was that 
the actual effluent, as evidenced in Table 7 was quite anoxic 
due to the high levels of reduced species such as cyanide, sulphide and 
ferrous ions, plus the general lack of dissolved oxygen. Thus it became 
a possibility that one of the rate determining steps was not the complex-
ation of cyanide by iron, but rather the oxidation of iron (II) in the 
fom of complex cyanide molecules and dissociated ferrous ions. 
An indication of this effect can be seen in Figure 10 of zinc 
removal rate in seawater medium, where within one hour approximately 
99% of the zinc is removed. Subsequent to this, the removal rate 
flattens out, possibly due to the slow oxidation of residual non-complexed 
ferrous iron. Again, it can be observed from this diagram that at a 
Fe/CN ratio of 0.55, a slight excess over the stoichiometric cyanide 
equivalent, almost 99% of the zinc is ranoved within one hour, 
indicating again that the precipitated complex cyanides are exhibiting 
some adsorptive capacity. 
The effect on pH on cyanide and zinc ronoval from seawater is 
tabulated in Table 12 It is clear from the plot of this data, 
displayed in Figure 11 that pH plays a major role in cyanide removal 
efficiency. The inverse relationship between free and complex cyanide 
is very evident and thus the optimum condition for this phase of the 
investigation would be the pH value consistent with minimum free and 
complex cyanide residual concentrations. This would seem to validate our 
choice of pH 7.5 for running the experiments, although a slightly lower 
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EFFECT OF pH ON CYAN IDE AND ZINC REMOVAL FROM SEAWATER 
PH 
^ CYANIDE REMAINING 




5.5 5^.0 0 3.0 15.0 
6.0 27.0 k.O 3.3 2.7 
6.5 23.2 10.4 2.1 1.1 
7.0 10.6 21.0 0.7 0.9 
7.5 4.6 19.8 0.4 0.7 
8.0 2.8 33.0 0.1 0.5 
8.5 Uii 67.e 0.1 0.4 
pH held constant throughout 
Reaction time 2 hours 
Fu11y Aerated 
Fe/CN = 1 . 5 
Cyanide:50 mgl 




Temperature 30 C 
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H 
Fig. 11 
CONDIT IONS Time 2 hours 
Full Aeration 
Fe/CN 1-5 
C N ' 50mgr ' 
Zn^* lOmgl'"' 
However, another consideration must be taken into account when 
optimising the pH setting for removal experiments: the effect of pH 
on zinc removal efficiency. Hydrous oxides, such as ferric hydroxide, 
carry a surface charge in aqueous solutions which is very pH dependent. 
The pH of the solution relative to the isoelectric point (lEP) affects 
the counter-ion type adsorption of cations and anions. Although specifically 
adsorbed ions may be adsorbed below the lEP (Gadde and Laitenen, 1974) 
adsorption of both specifically and non-specifically adsorbed ions will 
be favoured at pH values higher than the lEP where the surface is 
negatively charged. In contrast to this, anion adsorption is favoured 
by pH values below the lEP. 
The value of the lEP can vary considerably for a chemical species 
such as ferric hydroxide, depending on the crystalline or non-crystalline 
fom which is present and the chemically environment in which it is 
found. For example, in the hydrated ferric oxide system, hematite can 
have lEP's as low as 5.4 (Joy eX at,, 1964) while goethite can vary from 
6.1 to 6.7 (Parks, 1965) and amorphous ferric hydroxide as high as 8.5 
(Schuylenborg at al., 1950). Whereas the former species are well defined 
crystalline precipitates resulting from hydrolysis and ageing processes, 
the latter is fairly ill-defined and hence is subject to greater variation. 
In the process we are concerned with, the excess iron is 
precipitated as fresh amorphous ferric hydroxide and as can be seen 
in Figure 12 99% of the zinc is removed by pH 6.5 while the lEP 
would be somewhat lower than this. Since this is a mixed system, it 
is difficult to ascertain the adsorbing species and its lEP, except to 
examine a similar system without cyanide as is shown in Figure 13 
It is evident from this plot that the lEP has considerably increased to 
be approximately 7.0. 
ioo: 
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Fig.12 
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EFFECT OF TEMPERATURE ON CYAN IDE AND ZINC REMOVAL 
FROM SEAV/ATER 






20° 5.0 28.0 0.3 1.6 
25° k.2 29.2 0.3 1.6 
30° 5.0 31.0 0.5 2.1 
35° 5.A 29.0 0.7 1.8 
6.2 29.8 0.5 O.k 
5.^ 26.4 O.k 0.3 
50° 5.8 35.8 0.5 0.3 
pH held constant throughout at 7.5 
Reaction time 2 hours 
Ful]y aerated 
Fe/CN = 1 . 5 
Cyanide: 50 mgl ^ 
Z I nc : 1 0 mgl ^ 
Thus, the choice of pH7.5 would be justified from both the 
cyanide removal aspect and the zinc removal aspect. It is importajit to 
note here that this adsorption procedure is probably the only convenient 
way of removing the elemental zinc, whereas many secondary procedures 
are available for complete destruction of residual molecular cyanide. 
The last parameter to be examined was the effect of temperature 
on cyanide and zinc ranoval efficiencies from seawater. As can be seen 
from Table 13 there seons to be little correlation between 
temperature and removal efficiency and, in fact, the variation that does 
take place could be due to variation in the available oxygen rather than 
temperature. The requirement of an aerobic system has been discussed 
previously, and thus, aeration was not evaluated as a reaction variable. 
IRON (II) SULPHATE AWiTiOhJ TO MIXEP GAS SCRUBBING EffLUEMTS 
The tests conducted in this section were carried out on a mixed 
gas scrubbing effluent which was composed of blast furnace solids-
thickener overflow and coke ovens napthalene-tank overflow. The mixture 
was sampled in the ratio of 7:3 respectively on account of the total flow 
rates being approximately 6,000 gal/min from the coke ovens napthalene-
tank overflow and 14,000 gal/min from the blast furnace solids-
thickener overflow. 
Additional experiments were also run on both the individual 
effluents giving similar results to those for the mixed effluent; 
however, in the case of blast furnace samples, the initial cyanide level 
was frequently equivalent to, or less then the residual cyanide 
concentration of the removal procedure, due in part to the solubility of 
the complexed cyanide species. Because of the low CN concentration 
of this effluent, an iron dose ratio of Fe/CN = 1.5 was not sufficient 
to remove the zinc present in these sainples. Thus, it was evident that 
a minimum Fe/Zn ratio had to be obtained before zinc could be effectively 
ranoved from the sample. 
The information gained fran the previous series of experiments 
in seawater enabled a satisfactory iron dosage to be used for the 
subsequent experijnents in the actual industrial effluents. 
However, conclusions regarding optimum pH could not be transferred 
directly from the spiked seawater data, thus evaluation of this variable 
was carried out in the mixed effluent to give the results which are 
tabulated in Table 14. 
As can be seen in a plot of this data in Figure 14 the trends are 
similar to the initial pH investigations in seawater, except that the 
minimum for both free and complex cyanide has shifted upwards to pH 7.0 
to 7.5. This indicated that pH 7.0 to 7.5 was the optimum range for 
treating cyanide in industrial effluent with ferrous sulphate. This 
range is also suitable for acceptable zinc removal, as shown in Table 
As was stated earlier, some decrease in the rate of reaction might 
be expected when changing from a seawater medium to the saline anoxic 
effluent from the gas scrubbing systans. This was the case, as shown 
by Figure 15 but the amount of change in the reaction rate between iron 
and cyanide was not sufficient to warrant increasing the reaction time. 
From Figure 15 it can be seen that doubling of the reaction time from 2 
hours to 4 hours results in only a 3% increase in cyanide removal efficiency, 
thus enabling the reaction time to be kept down to 2 hours. 
Finally, the last variable to be examined was the effect of 
temperature on cyanide and zinc removal from mixed effluent. The results 
of this series of experiments are listed in Table 15 from which it is 
evident that again temperature has relatively little effect on the removal 
efficiency of both cyanide and zinc. This fact is important, because of 
the difference in effluent temperature as is shown in Table 7 previously. 
TABLE U 
EFFECT ON pH ON CYANIDE AND ZINC 
REMOVAL FROM MIXED EFFLUENT 
pH 
RESIDUAL CYAN I DÊ ^ 
FREE COMPLEX THIOCYANATE CYANIDE RESIDUAL 
VOLATILISED ZINC(mgl"') 
5.5 17.7 0.7 0.5 0.6 0.6 
6.0 11.0 k.2 0.6 0.2 0.3 
6.5 11.5 1.9 0.6 1.8 0.3 
7.0 7.9 2.9 0.7 0.8 0.2 
7.5 3.5 6.9 0.6 O.k 0.2 
8.0 1.5 15.2 0.7 0.1 O.k 
8.5 1.3 21.7 0.5 < 0.1 0.1 
" all as mgl ^ as CN 
Cond i t ions: 30°C 
Fe/CN = 1 . 5 
Cyanide: 30 mgl ^ (average) 
Zinc : 1.7 mgl ^ (average) 
Fully Aerated. 
pH constant throughout 
RESIDUAL 
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EFFECT OF TEMPERATURE ON CYANIDE AND ZINC 








20° 5.8 2.5 0.7 0.3 0.2 
30° 3.5 6.9 0.5 0.4 0.2 
40° 4.3 8.2 0.7 0.4 0.1 
50° 4.7 8.8 1.1 0.8 0.1 
as all mgl ' CN" 
CONDITIONS: pH 7-5 (constant) 
Reaction time 2 hours 
Fe/CN = 1 . 5 
Fully Aerated 
Cyanide: 30 mgl ^ (average) 
Zinc :1.0 mgl ^ (average) 
This concludes the series of optimisation experiments on the 
removal o£ cyanide and zinc from gas scrubbing effluents using iron 
(II) sulphate addition. The optimum conditions that have emerged from 
these tests, listed below, were the conditions used in the second phase 
of this project, that is the destruction of residual free cyanide with 
Caro's acid. 
TABLE 16 
OPTIMUM COND IT IONS FOR CYANIDE AND Z I N C 
REMOVAL FROM M IXED EFFLUENTS 
PARAMETER OPTIMUM RANGE 
Fe/CN Ratio 1.0-1.5 
pH 7.0-7.5 
Reaction time 2 hours 
Fully Aerated System 
During these experiments it became evident that as the initial 
concentration of cyanide and zinc decreased in the samples to be treated 
with iron (II) sulphate, that the removal performance, in terms of 
percentages, fell off correspondingly. This is because of the absolute 
removal limit imposed on the system by the solubility of the complex 
cyanide and the ratio of iron to heavy metal. The minimum amount of iron 
required to satisfactorily remove both cyanide and zinc was found to be 
the amount required to give an Fe/CN ratio of 1.5 with an initial cyanide 
concentration of approximately 30 mgl'^. Both iron and cyanide values 
less than 25-30 mgl"^ CN~ (Fe/CN = 1.50) resulted in poor total cyanide 
and zinc removal efficiencies as well as bad coagulation and sedimentation 
characteristics. 
RESIDUAL CYANIDE REMOVAL USING PERQXYMONOSULPKURIC ACID 
The removal of free cyanide concentrations remaining after 
ferrous sulphate treatment can be effected by the use of 
peroxymonosulphuric acid (Caro's acid) under suitable conditions. At 
moderate dose rates, the reaction takes place via the following two 
step mechanism: 
CN" + H^SO^ • CNO" + Ĥ SÔ ^ 
CNO" + 2H^0 • CO2 + MH^ + OH" 
which entails an oxidation step followed by the hydrolysis of the resulting 
cyanate. At higher dose rates (H2SO5/CN molar ratios greater than 
approximately 5) the oxidation of cyanide takes place v/ith the following 
stoichiometry: 
2CN' + + 20H" —•ZCO^^' + N2 + H2O + 
The rates of these reactions are largely dependent on the medium 
in which they are being carried out and on the reaction conditions, 
such as pH, temperature and molar ratio of oxidant to cyanide. Some 
idea of the rate can be gained from the work of Zumbrunn (1971) which 
indicated that in a freshwater systen at pH 9.0,5 mgl ^ of cyanide 
would be oxidised to below 0.1 mgl ^ in approximately 15 min or less 
using a molar ratio of H2S0^/CN = 5.0. However, the problem with 
relating this sole work on the use of Caro's acid was that there was 
no way of estimating the effect of a saline mstrix on the kinetics of 
the oxidation reaction, nor any indication of the specificity of the 
oxidant for cyanide in the presence of other reduced species such as 
sulphide, chloride, ammonia and the dissolved organics. 
Thus, in a similar manner to the way the variables were 
investigated and optimised in the first stage (ferrous sulphate 
treatment), a set of pertinent parameters was evaluated; namely the 
molar ratio of oxidant to cyanide (as H2SO./CN), the reaction rate 
expressed as reaction time, the pH of the reaction mixture and finally 
the temperature at which the oxidation process was carried out. 
Initial experiments to evaluate the effect of peroxymonosulphuric 
acid dosage on the cyanide removal efficiency were conducted using a 
spiked seawater medium. The results of these experiments are summarised 
in Figure 16 v^ich is a plot of the molar H2S0^/CN ratio against 
the residual free cyanide concentration. It is evident from an appraisal 
of this data that a molar ratio of approximately H2S0^/CN =2.0 would be 
required to give acceptable residual cyanide levels. Also shown in 
Figure 16 are the results of similar tests conducted on spiked 
seawater samples that had been treated with iron (II) sulphate previously. 
Similarly, they indicated that a H2S0^/CN = 2.0 ratio would produce 
satisfactory renoval efficiency. 
As was stated earlier, the effect of the saline medium on the 
rate of cyanide oxidation was effectively unknown. One of the major 
apprehensions connected with the use of this very powerful oxidant in 
saline systems was the possibility of kinetic control leading to oxidation 
of chloride ions to molecular chlorine with the subsequent reaction of 
cyanide and chlorine to form the highly toxic cyanogen chloride species. 
Thus, in the experiments carried out to evaluate the rate of cyanide 
oxidation, the relative formation of cyanogen chloride was determined by 
a simple modification of the p-phenylenediamine - pyridine cyanide 
method described in the Experimental Section. Table 17 gives the 
summary of these tests, and as can be seen in this table, only about 2% 
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lis 
of the cyanide oxidised results in the formation of cyanogen chloride 
TABLE 17 
CYANIDE OXIDATION RATE RELATIVE TO 
CYANOGEN CHLORIDE FORMATION 
TIME "CN"" ' C N " CNC1 ' H.SO./CN 
2 5 
INITIAL RESIDUAL 
(min) (mg (mgl ̂  ) (mgl 
0 3 .7 3.7 0 2.7 
2 .01 .15 
10 .01 .08 
20 .01 .08 
•̂̂pH 9.0 
This results in a cyanogen chloride level below the threshold 
toxicity limit of most marine fishlife (Jones, 1964), before dilution 
by cooling waters is taken into account. 
The actual rate of cyanide removal seemed to be enhanced by the 
saline matrix when compared to the initial work of Zumbrunn -
almost total removal of free cyanide is achieved within 2 minutes at an 
oxidant to cyanide ratio around 2.0. However, the speed of this oxidation 
reaction cannot be fully comprehended until it is compared with rates of 
cyanide oxidation exhibited by both hydrogen peroxide and the persulphate 
anion (peroxydisulphate) as is shown in Figure 17. The dramatic 
oxidation rate of cyanide by Caro's acid makes this process a viable 
alternative for ranoving residual cyanide levels in saline matrices to 
1 19 
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an acceptable limit. 
The next variable to be assessed was pH. The main reason for 
optimising the pH was to obtain satisfactory cyanide ranoval at the 
lowest pH so as to minimise alkali consumption and accelerate the rate 
of hydrolysis of cyanate, which is pH dependent. All previous work 
(Zumbrunn, 1971) was conducted in freshwater systems at pH 9.0 or higher, 
but in light of the fact that the pH of seawater is approximately 8.3 
(locally) and that these effluents are sometimes more acidic than 
seawater, a trade-off between ronoval efficiency and alkali consumption 
could be considered. Figure 18 shows the effect of pH on the 
cyanide oxidation efficiency by peroxymonosulphuric acid for a spiked 
seawater sample. This would indicate that operating at a H2S0^/CN = 2.0 
and pH 8.0 to 8.5 would result in satisfactory removal efficiency. 
However, to effectively gauge whether this compromise would work, 
a further, more complete series of experiments was carried out. These 
tests were conducted firstly on freshly prepared supematants from th 3 
iron (II) sulphate treatment of spiked seawater, then on similar super-
natants from the ferrous sulphate treatment of mixed coke ovens and blast 
furnace effluents. The results are tabulated in Table 18 and 
Table 19 and incorporated into this data is the effect of 
temperature on the cyanide removal efficiency. 
The compromise suggested previously between pH and removal 
efficiency would seem from Tables 18 and 19 to be justified, 
and hence using a H SO /CN = 2 ratio, adequate cyanide removal could be 2 3 
effected at pH's as low as 8.0. It also seems that the removal capability 
drops off somewhat as the temperature in the actual effluent increases. 
The reason for this trend, which is not so obvious in the seawater 
samples, can possibly be explained by the formation of thiocyanate from 
1 21 
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TABLE 18 
PEROXYHONOSULPHURIC ACID TREATMENT OF CYANIDE 
RESIDUALS FROM IRON (I I) SULPHATE TREATED SEAWATER 
CYANIDE RESIDUAL H.SO. pH 




8.0 8.5 9.0 
20°C 
Free 2.3 1.2 0.3 0.2 0.1 0.1 
Complex 13.2 13.6 12.2 13.7 
Free 2.3 1.9 0.2 0.2 0.1 0.1 
Compì ex 13.2 13.0 13.0 13.7 14.3 
35°C 
Free 1.9 1.3 0.3 0.2 0.1 0.1 
Compi ex 9.2 8.7 10.3 11.0 11.1 
Free 1.9 1.9 0.3 0.1 0.1 0.0 
Complex 9.2 9.6 10.4 9.8 10.1 
50°C 
Free 3.3 1.0 0.5 0.2 0.1 0.1 
Compi ex 1^.7 17.2 17.2 17.4 16.4 
Free 3.3 2.0 0.5 0.4 0.2 0.1 
Compi ex 14.7 16.9 17.6 18.4 18.2 
TABLE 19 
PEROXYMONOSULPHURIC ACID TREATMENT OF CYANIDE 
RESIDUALS FROM IRON (LL) SULPHATE TREATED MIXED CYANIDE 
CYANIDE RESIDUAL pH 
(mgl'^ as CN") CN" 7.5 8.0 8.5 9.0 
20°C 
Free e.k 1.2 0.5 0.1 0.1 0.2 
Compi ex 3.2 5.0 k.k hA 3.9 
Free 6.Ì» 2.k 0.6 0.1 0.1 0.1 
Complex 3.2 k.2 ¿».1 3.7 3.3 
35°C 
Free 1.0 0.3 0.1 0.6 0.9 
Compi ex 6.2 7.1 6.3 5.7 5.9 
Free 2.0 0.1 0.1 0.1 0.1 
Compi ex 5.3 
50°C 
Free 3.8 1.2 1.5 1.3 1.0 0.8 
Compi ex e.k 8.1 5.7 6.8 7.2 
Free 3.8 2.1 0.1 0.1 0.2 0.4 
Complex 6.4 6.9 6.0 6.6 5.9 
TABLE 20 
VARIABLE RANGE OPTIMUM 
pH: 8.0 9.0 (8.5) 
H2S0^/CN: 1.5 2.5 (2.0) 
Reaction Time 2 min 15 min (10.0 min) 
Temperature: 20° 1.0° (25°) 
cyanide and sulphide, and the acceleration of this rate o£ formation 
as the temperature is increased. An increase in temperature could also 
result in thermal destruction of peroxymonosulphuric acid before cyanide 
oxidation could take place. 
Thus, in conclusion, the optimum conditions for the use of Caro's 
acid for residual cyanide removal could be summarised as in the table 
above. 
PILOT PLANT TRIALS 
PILOT PLANT DESIGN AND CONSTRUCTION 
The purpose o£ constructing a pilot plant was to evaluate the 
feasibility of adapting the batch cyanide and zinc removal process to 
a continuous flow detoxification procedure. The plant that was built 
was designed according to continuous flow reactor theory (Clancy, 1976) 
and for description pruposes, the system is categorised into the following 
three sections: 
. SAMPLING SYSTEM 
REACTION SYSTEM 
REAGENT FEED AND CONTROL SYSTEM 
SAMPLIMG SYSTEM 
An important requironent of any experimental plant is a means 
of collecting, transporting and storing the mstewater sample to be 
tested. The sampling system, or influent supply system, used in this 
study consisted of a series of six rigid plastic carboys having a 
capacity of approximately 120 litres each, set in two banks of three 
into steel angle frames enabling them to be easily loaded on and off 
transport with a block and tackle arrangement. 
The second requirement of this influent supply systen was that 
samples of mixed origin be homogenised before being used as an influent. 
This was achieved by connecting the carboys up in series, pumping from 
one end at approximately 17 litres/min to a head tank and allowing the 
overflow to drain back into the carboy at the opposite end of the 
series (Figure 19). This provided a constant head pressure in the head 
tank as well as a continuously recirculated effluent feed for the 
reaction system, which required approximately 1 litre/minute of influent. 
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the solution to the surrounding atmosphere, the system of carboys was 
sealed as shown in Figure 19 . The samples were loaded into the carboys 
at Australian Iron and Steel at Port Konbla and upon return to the 
laboratory were connected to the influent supply system and allowed 
to recirculate for at least two hours. Spiked seawater tests had shown 
this to be the minimum time necessary to attain homogeneity. 
REACTION SVSTEM 
The actual reaction system has two phases: the ferrous sulphate 
treatment sequence followed by the Caro's acid residual free cyanide 
oxidation phase. These two treatment procedures are connected in 
series and interfaced with a sludge removal system. 
A flow chart of the reaction system is given in Figure 20 
The influent is fed into Tank A, by means of single channel peristaltic 
pump at approximately 1 litre/min, while ferrous sulphate and sodium 
hydroxide reagents are fed in simultaneously. The reaction vessel is 
mixed by an electrically driven variable speed stirrer set up as shown 
in Figure 21 of the reaction tank design. The system is aerated by 
means of an air line perforated with small holes, across the bottom of 
the tank: the flow rate being controlled by a rotameter flow valve. 
The reaction solution leaves Tank A and is discharged into Coil A 
where it reacts for a period of time with minimal intermixing, thus 
increasing the retention time. The effluent leaves the reaction coil 
and is fed into Tank B which is identical to Tank A allowing thorough 
mixing, pH adjustment and aeration. After a nominal retention time the 
solution is discharged into Coil B before entering the sludge removal 
syston. 
This system consists of a series of consecutive 'over and under' 
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type baffles set in a tank with an angled bottom. At the base of each 
baffle a sludge take-off valve is situated for continual sludge removal. 
The supernatant of this tank is removed over a weir at the far end of 
the tank and fed into Tank C, while the sludge is removed as described 
above to a vertical settling tank which has a thickened sludge take-off 
on the bottom and a supernatant take-off at the top leading to Tank C. 
The second phase of the reaction process involves the oxidation 
of residual free cyanide by Caro's acid in Tank C. The pH is maintained 
by the addition of sodium hydroxide and the peroxymonosulphuric acid 
concentration is monitored by means of a silver/calomel electrode couple 
attached to a mV control unit v^ich drives an autoburette containing 
Caro's acid. The contents of this reaction tank is completely stirred 
by means of an identical arrangement to that used in the previous reaction 
tanks. After a nominal retention time the treated effluent is discharged 
to Coil C, increasing the retention time, for subsequent final discharge 
to the drain. 
The nominal retention time in each part of the reaction system has 
been determined and is tabulated below. 
TABLE 21 
REACTOR VOLUME NOMINAL RETENTION TIME (MIN) 
( L i t r e s ) 
TANK A 40 .0 40 
COIL A 3 .3 3 .3 
TANK B 40 .0 40 
COIL B 3 . 8 3 .8 
TANK C 35 .0 35 
COIL C 2 . 5 2 .5 
REAGEMT fEEV AMV CONTROL SYSTEM 
A pH control system was designed and constructed (Trott § 
Costigan, 1976) to siinultaneously measure and adjust the pH in reaction 
Tanks A, B and C. The pH is sensed by a combined glass/calomel electrode 
couple and the potential difference relayed to the controller. This pH 
value is COTipared with a preset valve and if it is below the preselected 
value the controller sends a signal (lOV, 0.75A) to a solenoid valve that 
causes it to open and allow sodium hydroxide solution to flow into the 
reaction tank in question. The pH is adjusted upwards until the preset 
valve is reached when the signal ceases and the solenoid closes. 
The sodium hydroxide solution is delivered to the solenoid valves 
by means of a ten channel peristaltic pump which operates continuously 
even when the solenoids are closed. The pump is continuously variable 
with a 10 turn adjustment and also feeds sodium hydroxide to and from the 
absorption towers as well as ferrous sulphate solution to Tank A. Thus, 
with a hanogeneous influent of known cyanide concentration being delivered 
into Tank A at a known rate, the 10 channel peristaltic pump can be set 
at the required speed to produce the Fe/CN ratio intended. Excess 
sodium hydroxide to the absorption towers is returned at the same rate. 
The absorption towers consist of a 12 inch x 4 inch perspex tube 
packed with glass marbles to provide a large surface area. They are 
designed to trap volatile gases, especially H2S and HCN evolved during 
aeration. Sodium hydroxide is sprayed down the tower via a manifold on 
top, collected at the bottom and returned to the used caustic soda 
resevoir, from where the contaminated caustic is taken in preference to 
the new supply, as a feed for the peristaltic pump. This is achieved by 
placing a one way valve connecting the caustic soda resevoir tank and the 
sodium hydroxide reagent manifold, with another inlet on the manifold 
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side of the one-way valve for the used caustic soda. The positioning 
of the returned caustic resevoir gives it a larger head pressure than 
the caustic passing through the valve from the resevoir tank. Thus, the 
system is completely closed with all cyanide being treated. 
RESULTS 
The object of this series of tests was to attain the removal 
of limits characteristic of the batch process with the continuous flow 
treatment apparatus described previously. A computer evaluated model 
was devised (Clancy, 1976) based upon continuous flow reactor theory, 
which predicted that at least 801 of the batch removal efficiency could 
be expected in changing from batch mode to a continuous flow procedure. 
The tests were initially conducted on seawater samples spiked 
with free cyanide, to simulate the effluent, in order to commission the 
pilot plant. Subsequently about 600 litres of mixed coke ovens and blast 
furnace effluent was collected from Australian Iron and Steel which 
allowed 9 to 10 hour runs to be conducted. Runs of this duration were 
required because at the start of each experiment the system was loaded 
with a cyanide - free dead volume and hence a delay time of 
approximately 2-3 hours after run commencenent was allov;ed to pass 
before sampling was begun. 
As a result of the first series of test runs on actual effluent 
it was found that aeration was a more important variable than was 
evident from batch mode experiments. Using a fully aerated reaction 
system (both Tank A ^ B) under the following conditions: 
I N I T I A L = 
Fe/CN = 2 . 0 
pH Tank A 6.5 
Tank B 8.5 
Ful 1 AeratIon 
RESIDUAL (^^"^RFCiimi i = U.Omgl'^ 
the best free cyanide residual concentration that could be 
obtained was approximately 14 mgl'^. Variation of the pH of either 
Tank A or Tank B seoned to have only slight effect on this value and 
indeed greater variation was observed while at a set pH value. 
However, when aeration was stopped during one of the above runs, 
a noticeable drop in the free cyanide value was observed, and in fact, 
using identical conditions to before, runs conducted without aeration 
enabled the free cyanide value to be reduced to approximately 8.0 mgl"^ 
which is an acceptable level as far as final treatment with Caro's 
acid is concerned. 
Fe/CN = 2.0 
pH Tank A 6.5 
Tank B 8.5 
NO Aeration 
RES I DUAL 8.0 mg.-' 
The pK of the system was varied in the range of 6.5 to 8.5, and 
finally values of 6.5 (Tank A) and 8.5 (Tank B) were selected as the 
most suitable values. This was because at the lower pH in the first 
reaction tank more complete conplexation of the free cyanide with ferrous 
iron could take place without premature oxidation of it to iron (HI). 
The higlier pH in the second reaction tank allowed for better precipitation, 
flocculation and finally sedimentation of the complexed species as well 
as ensuring complete zinc removal. In addition this higher pH value 
aided the elimination of excess soluble iron and gave the effluent a 
suitable pH for Caro's treatment. 
Another aspect investigated as a result of these test runs was 
the reactivity of cyanide towards sulphide. In the sampled effluent 
containing approximately 80 mgl'^ free cyanide, less than 1 mgl'^ was 
found as thiocyanate. However, on standing, the solution, containing 
both sulphide and free cyanide, reacted to produce appreciable 
concentrations of thiocyanate. Thus iî  was important to treat the 
effluent as soon as possible after collection. Even when this was 
done, effluent feed to the pilot plant was approximately 8-10 hours old 
by the time a test run was half way finished, and noticeable increases 
in the labile cyanide figure were observed. 
In an on-line treatment plant this effect would be overcome due 
to fact that the effluent would be treated as produced. 
The second stage of the treatment sequence, the Caro's acid 
phase, was set-up in Tank C. Initial experiments using a gold mV 
indicator electrode proved unsatisfactory as only a poor response was 
obtained using it. A silver electrode was substituted giving a better 
response to the presence of peroxymonosulphuric^, acid. 
Using this system the treated effluent from Coil B was fed into 
Tank C, adjusted to pH 9.0 and Caro's acid added. With an excess of 
peroxymonosulphuric acid the free cyanide concentration was able to be 
reduced to below 0.2 mgl"^ from an initial concentration of 7.2 mgl 
This confirms our batch mode findings and chemically validates the 
feasibility of this treatment procedure. However, there would seem to 
be a drawback in the fact that an unknown excess of Caro's acid has to be 
used to achieve this result. The answer to this problem lies with the 
development and use of a real-time cyanide monitor for saline wastes 
which would allow cyanide to be determined and only the required amount 
of Caro's acid added. In addition, a real-time cyanide monitor would 
allow the influent cyanide concentration to be determined, thus allowing 
the ferrous dose rate to be simultaneously altered to make the system 
a fully autonated on-line treatment procedure. 
EXPERIMENTAL 
SAMPLING PROCEDURE 
Sampling of all the follov/ing mentioned parameters was carried 
out simultaneously, the samples preserved in the prescribed way and 
returned to the laboratory for analysis. 
Temperature and pH measuranents were determined "¿n ¿^u". 
Samples for heavy metal analysis were filtered "¿n through a 
0.45y cellulose nitrate (SaAtoAMis) filter held in position on a 
portable polycarbonate pressure filtration system {ScuvtoKAjx̂ , SM 165 10). 
Air pressure was supplied by a portable air punp. The filtered and 
unfiltered heavy metal samples were then acidified with conc. nitric 
acid C'SUPRAPUR", McAcfe; 1ml per 250mls). 
Cyanide samples were made alkaline by the addition of 2g sodium 
hydroxide ("ANALAR") per 500ml of sample which was then stored at 4° in 
a polythene container. Sulphide samples were diluted (1:1) with an 
antioxidant buffer (see sulphide determination) and stored at 4° in an 
air-tight polythene bottle. Ammonia samples were acidified to less 
than pH4 with conc. sulphuric acid ("UNIVAR") while phenol samples were 
acidified to the same pH with phosphoric acid ("UNIVAR") followed by 
subsequent storage at 4°. Likewise chemical oxygen demand samples were 
acidified to below pH4 with sulphuric acid and stored at 4°. Dissolved 
oxygen samples were collected in 1 litre D 0 bottles without further 
pretreatment before analysis. Alkalinity and acidity samples were 
stored without pretreatment at 4°, while salinity and conductivity 
samples required no treatment at all. 
Dissolved oxygen samples were analysed within 1 hour of sampling, 
sulphide within 2 hours and cyanide and ammonia within 6 hours. Phenols, 
choTiical oxygen demand, alkalinity and acidity samples were all analysed 
on the second day of the sampling period, while salinity, conductivity, 
suspended solids and heavy metal analyses were carried out on subsequent 
days. 
APPARATUS AND REAGENTS USED 
All ultraviolet and visible absorbance measurements for 
colorimetric techniques were performed with either a GARY 17 H/aUanj 
UV-Vis.-IR recording spectrophotometer or an Optica CF4 manual 
spectrophotometer. 
Sample filtration apparatus for "in laboratory" filtration 
consisted of a UltUpoAe, (XX15 047 00) all glass vacuum filter apparatus 
used in conjunction with a ViiZtipoKd (XX60 220 50) vacuum/pressure pump. 
Pressure filtration for liquids containing volatile gases was perfoimed 
with a VMtipoKd (XX40 047 00) pressure filter holder, pressure being 
si:5)plied from a cylinder of nitrogen (CIG, high purity dry). 
Distilled water used throughout this project was obtained from 
the following water purification system. City mains tap water was 
prefiltered through two AMF Cimo Aqaa-VuAo, (AP-10) water filters 
containing a 50y and 5y filter connected in series, before being 
distilled into an 80 litre resevoir by a LabmastzA (VHA, Australia) 
3000W still. This distilled water was then fed through a ZoAotU 
portable dual bed deionizer (Mark 8F) before final double distillation 
out of a GdeAtkact quartz glass still (BI-BD15) into sealed polythene 
carboys. 
The grade of all chemicals used has been given as they have 
been mentioned in the text; a list of the manufacturers of the various 










British Drug Houses (BDH) Australia 
Pty. Limited 
British Drug Houses (BDH) Australia 
Pty. Limited 
British Drug Houses (BDH) Australia 
Pty. Limited 
Ajax Chemicals, Sydney Australia 
Ajax Chemicals, Sydney Australia 
May ^ Baker, Dagenham, England 
May 5 Baker, Dagenham, England 
Fluka AG, Buchs, Switzerland 
E. Merck, Dalmstadt, Germany 
CYANIDE AND ZINC REMOVAL EXPERIMENTS 
EQUIPMem' 
The reaction was carried out in a modified 3 litre pyrex conical 
flask having a Quickfit BS34/35 Standard Taper socket in the neck. The 
flask was modified by the addition of two socket joints to the walls of 
the flask, approximately one third the distance down from the neck; a 
BS 14/23 ST socket to accommodate a Radiometer GK 2351C combination pH 
electrode and a BS 10/19 socket, which was stopped with a cork to allow 
reagent addition. (Figure 24). 
During experimental runs, the reaction flask was immersed in a 
Tamson water bath which was capable of maintaining the water temperature 
to ±0.5°. To attain lower than ambient temperatures a Churchill 
Chiller/Thermocirculator was used as a heat sink by submersing a cooled 
coil in the water bath described above. 
The pH of the reaction mixture was controlled by the addition of 
dilute sodium hydroxide ("ANALAR"; 0.1M)and hydrochloric acid ("UNIVAR"; 
0.1̂ 4) from Radiometer ABU 12 and ABU 11 autoburettes controlled by a 
Radiometer TTT2 Titrator and Two-Way pH-Stat Module (PHA 942) in 
conjunction with a Radiometer GK 2351 C pH sensing combination electrode 
placed in the reaction vessel. The pH electrode was standardised 
against a Radiometer pH 6.50 buffer (Mixed phosphate buffer Radiometer 
SlOOl). . 
The reaction mixture was stirred using a 50mm teflon coated 
magnetic slug rotated by a water-driven magnetic stirrer placed under 
the immersed flask. 
The whole system was aerated with industrial air (C.I.G.) by 
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means of a modified Drechsel tube which was joined to a BS 34/35 cone 
joint to enable the reaction vessel to be sealed. The Drechsel tube 
extended to 10mm from the bottom of the flask and exhaust gas was 
channelled through a Drechsel bottle containing dilute sodium hydroxide 
solution, acting as a hydrogen cyanide absorbant. Incoming air to the 
flask was firstly moisture equilibrated by bubbling it through a 
Drechsel bottle containing fresh seawater. (See Figure 25). 
SEQUENCE 
Experimental runs on cyanide and zinc removal efficiencies in 
spiked seawater, were performed in the following manner; potassium 
cyanide ("ANALAR"; 150 ml of 1000 mgl'^) then zinc nitrate ("ANALAR"; 
-1 2+ 
10ml of 3000 mgl Zn ) were added to the reaction flask containing 
2.80 litres of filtered (0.45y), freshly collected seawater, and the 
pH adjusted to the required value using the Radiometer control unit 
described above. Then the calculated amount of ferrous sulphate 
heptahydrate was added to the reaction vessel, the stirring and aeration 
commenced and the system sealed. However, due to the large amount of 
ferrous sulphate that initially hydrolyses, the sodium hydroxide (O.IM) 
delivered from the autoburette was augmented by the addition of l.OM 
sodium hydroxide aliquots manually, until the rate of base addition from 
the autoburette was able to keep the pH within 0.3 of the required value. 
Experimental runs on cyanide and zinc removal efficiencies in 
actual effluents were carried out in the same manner, except no spike 
of cyanide or zinc was required. 
Caro's acid cyanide removal efficiency tests were conducted in a 
150ml beaker (Coming 1060, tall form) which was mounted on a water 
driven stirrer in the waterbath. A 100ml sample was decantered from 
the ferrous sulphate-treatment reaction vessel and placed in the beaker. 
- p - p 
BATCH PROCEDURE APPARATUS 
Fig.25 
The pK was adjusted to the required value using the same pK control 
system as has been described and the calculated volume of Caro's acid 
added from an Eppendorf micropipette. 
CYANIDE ANALYSIS 
Cyanide stock solutions (lOOOmgl ) were prepared by dissolving 
potassium cyanide ("M/VY § BAKER") in O.IN sodium hydroxide ("ANALAR"). 
This solution was standardised every few days by titration o£ a cyanide 
aliquot (25.0ml) with 0.02N silver nitrate ("ANALAR") using a few drops 
of p-dimethylaminobenzylidine rhodanine (0.02% in acetone) as indicator. 
AMMONIACAL NICKEL CHLORIVE PROCEVURE 
Soluble cyanides, both free and complex, were determined by 
conversion to hydrogen cyanide which was removed by distillation and 
absorbed in ammoniacal nickel chloride solution. The optical density 
of the tetracyanonickelate complex was measured at 267 nm and compared 
with that produced by standard solutions when worked up in the same way. 
Free cyanide was determined in the presence of complex cyanides by 
diluting the sample to 100 ml with distilled water and adjusting the pK 
to neutral. After treatment with hydrochloric acid (10ml of O.IM), 
zinc acetate (BDH; 10 ml of 10% w/v) was added to the reaction mixture 
in the distillation flask to supress decomposition of complex cyanides. 
The sample was then refluxed under reduced pressure (200mm Hg) and 
sparged with C02-free air for one hour. The entrained hydrogen cyanide 
was absorbed by ammoniacal nickel chloride (NiCl2: 10 and NH3: 0.5M, 
both "ANALAR") and the absorbance of the tetracyanonickelate anion was 
measured at 267 nm. 
Complex cyanides were determined by subtracting the free cyanide 
concentration from the total cyanide concentration, determined in the 
following manner. A suitable sample aliquot was diluted to 100 ml and 
then quickly treated, while attached to the distillation apparatus, with 
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with conc. sulphuric acid ("UNIVAR"; 10 ml), refluxed at atmospheric 
pressure, irradiated with ultraviolet light and sparged with C02-£ree 
air for one hour. Liberated hydrogen cyanide was collected and 
determined as described previously for free cyanides. 
The distillation apparatus used in both determinations (see 
figure 23 was similar to that of Roberts and Jackson (1971), 
modified by the use of a Friedrich condenser and a sintered glass frit/ 
absorption tube (50 ml volume). Distillation apparatus for the 
determination of total cyanide did not require a manometer, but did 
necessitate the use of a shielded ultraviolet lamp. The C02-free air 
used for sparging was drawn through a trap filled with soda lime and 
ascarite, and maintained at a flow rate of 50-150 ml min"^ (Scoggins, 
1972) for both free and total cyanide determinations. 
BENZWINE - PVRWWE EXTRACTION PROCEVURE 
Free cyanide, thiocyanate, cyanogen chloride and labile soluble 
complex cyanides were determined by the reaction of cyanogen halide, 
pyridine hydrochloride and benzidine to form a pyridine dyestuff, the 
optical density of which was measured at 480 nm and compared with that 
produced by standard solutions prepared in a similar way. 
The sample solution containing the reactive cyanide species was 
diluted to 9.0 ml and acidified with dilute hydrochloric acid (O.IM) to 
the methyl red end point (2 drops, 0.04% w/v). To this was added 
phosphoric acid ("PRONALYS" 2 drops of 101 w/v), 3 to 6 drops of 
bromine water (near saturated) until a yellow coloration remained, then 
sufficient sodium arsenite solution (BDK; 1% w/v) to remove excess 









The sample mixture was then stoppered, shaken vigorously for 
10 seconds and allowed to stand before the addition of 5 ml of the 
pyridine-benizidine reagent, followed by vigorous shaking of the reaction 
tube for 20 seconds. The colour was allowed to develop for a minimum 
of 15 minutes before a sample of the organic layer was pipetted into a 
2 
10 mm cell for determination at 480 nm against n-butanol in the 
reference cell. A calibration graph was constructed from a series of 
four standards in the range of 0.50 yg to 5.0 yg of cyanide as 
CN (M.W.: 26.018) after subtraction of a blank worked up in an identical 
way. 
The pyridine-benzidine reagent was made by mixing pyridine 
("ANALAR", redistilled over KOH) as a 25% solution in 0.25 M HCl, with a 
benzidine solution (FLUKA; 2% in 0.30M HCI) in the ratio of 50:3 (volumes) 
respectively. This reagent was stable for approximately two to three 
weeks. Total soluble cyanide was determined after degradation of all 
cyanide species into volatile hydrogen cyanide by a combination of air-
sparging/acid reflux/ultraviolet irradiation. The hydrogen cyanide was 
absorbed by a sodium hydroxide ("ANALAR", 0.10 M) solution. The sample 
aliquot was diluted to 100 ml with distilled water, attached to the 
distillation apparatus as used in the previous method for total 
cyanide, and acidified with 20 ml of phosphoric acid reagent, which 
contained 20^ v/v hypophosphorous acid (Merck GR, 9.5M) to suppress 
cyanide oxidation (Goulden eX cut,, 1972) and 801 phosphoric acid 
("PRONALYS", 4M). The sample was irradiated, refluxed and air sparged 
for one hour, which was found to give 1001 recovery on synthetic 
solutions containing free cyanide in the presence of both ferrocyanide 
and ferricyanide. 
Distinction was made between free and complex cyanides, thiocyanate 
and cyanogen chloride by the following procedure. Cyanogen bromide 
was readily fomed by reaction of free cyanide, thiocyanate, and 
soluble zinc and copper cyanide complexes. However, the complex 
cyanides and thiocyanate remained after an aliquot diluted to 9.0 ml 
was acidified with boric acid (B.D.H., saturated solution), heated to 
near boiling and aerated for 10 min. Free cyanide was volatilised as 
hydrogen cyanide. 
Thiocyanate only ranained when the sample was acidified with 
phosphoric acid (2 drops, 10% w/v), heated and aerated as before. 
Neither ferricyanide, ferrocyanide nor cyanate reacted positively under 
the above conditions. 
Thus, free cyanide was calculated from the difference between 
the total labile cyanide determination and the amount resulting from 
the boric acid pretreatment procedure. 
p-pHENVLENEymWE - PVRIVINE EXTRACTION PROCEVURE 
The solution of reactive cyano type compounds was worked up as 
described above until the excess bromine was reduced with a few drops 
of sodium arsenite solution. Then 10 ml of n-butanol was added and the 
stoppered test tube shaken for a few seconds. To a separate 10 ml 
stoppered reaction tube was added 6.0 ml of pyridine hydrochloride 
(60% v/v in Uvl HCl) and 2.0 ml of p-phenylenediamine hydrochloride 
(Tokyo Kasei; 0.21 w/v in 0.5 HCl). The tube was stoppered and 
reactants mixed thoroughly for a few seconds. The contents were anptied 
into the sample solution immediately and the mixture shaken vigorously 
for 20 seconds. The colour was allowed to develop for 10 min. before 
measuring the absorbance at 508 nm; and was found to be stable for at 
least 2 hours. 
To obtain lower blanks and produce a more stable amine reagent, 
the p-phenylenediamine was purified by either recrystallisation from 
activated charcoal as the amine hydrochloride, or by sublimation onto a 
cold finger condenser under vacuum to yield the pure amine, which was 
immediately made-up into a hydrochloride solution ready for use. This 
resulted in a reagent that was stable for at least a month and 
produced planks with absor bance values less than 0.020 absorbance units 
CHEMICAL OXYGEN DEMAND 
The method used to determine chemical oxygen demand was the 
Modified Dichromate Reflux Chemical Oxygen Demand Test of Baumann (1974) 
which incorporates a correction for chloride • chlorine oxidation in 
high salinity wastes. 
An aliquot of the sample solution was diluted to 20 ml and 1.9 g 
of mercuric sulphate ("ANALAR") added for every 10 ml of seawater in the 
sample aliquot. Potassium dichromate ("ANALAR"; 10 ml of 0.250N) and 
a few boiling chips (BDH; baked at 800°C for 12 hours) were added and 
the flask connected to the reflux condenser. Cone, sulphuric acid 
("UNIVAR"; 30 ml containing 1 mg/ml Ag2 SO4) was then added through the 
condenser and mixed by swirling the apparatus (see Baumann, 1974). 
The potassium iodide ("ANALAR") solution, 3.0 g in 200 ml of distilled 
water, was acidified with 10 ml of acetic acid ("UNIVAR"; 6 M). It 
was then connected to the condenser delivery tube, the nitrogen purge 
started (a few bubbles per second) and heated under reflux for 2 hours. 
The dichromate mixture was then allowed to cool, the nitrogen purge 
stopped, the condenser washed down into the mixture with distilled 
water until diluted to about 150 ml, and finally the sample mixture 
removed and allowed to cool to room toGiiperature. The excess dichromate 
was then titrated with ferrous ammonium sulphate ("ANALAR" O.ION) using 
a few drops of ferroin indicator (1.485 g of 1,10- phenanthroline plus 
0.695 g Fe SÔ . 7H2O per 100 ml) for endpoint detection. This value 
was subtracted from a distilled water blank run through exactly the 
same procedure to yield the 'Apparent COD'. The liberated iodine in 
the potassium iodide absorber solution was titrated to the starch 
endpoint, with sodium thiosulphate ("ANALAR", 0.025N) to yield the 
•COD Correction'. 
Ferrous ammonium sulphate solution was standardised against 
10.0 ml of potassium dichromate (0.250N) diluted to 100 ml, acidified 
with 30 ml of conc. sulphuric acid and cooled to room temperature using 
ferroin as the end point indicator. Sodium thiosulphate was standardised 
against 2 g of potassium iodide dissolved in 180 ml of distilled water, 
containing 20 ml of sulphuric acid (1.8M), to which 20 ml of potassium 
dichromate (0.025N) was then added. Vitex indicator was used for a 
starch endpoint. 
For COD values below 50 mgl'^, 0.025N potassium dichromate and 
O.OIN ferrous ammonium sulphate were used instead of the original 
reagents (10 times stronger). Separate blanks were also run with these 
weaker reagents. The COD was calculated as follows: 
Apparent COD 
Correction 
(a-b) X N X 8000 
ml sample 
d X M X 8000 
ml sample 
Actual COD = Apparent COD - Correction, 
where 
a = mis FAS for blank 
b = mis FAS for sample 
N = normality of FAS 
D = mis Na2S20^ for Iodine 
M = normality of Na2S20^. 
PHENOL DETERMINATION 
GAS-LIQUJV CHROMATOGRAPHJC METHOV 
This method (Standard Methods, 1971) entailed direct aqueous 
injection o£ sample aliquots for the gas-liquid chromatographic 
detemination of phenols, cresols, mono- and dichloro- substituted 
phenols. 
The separating column used was a 12ft stainless column 
packed with acid washed, dichlorodimethysilane treated Chromosorb W 
(60/80 mesh), coated with 20% w/w Carbowax 20M-TPA. The carrier gas 
used was high purity dry nitrogen (C.I.G.) in a PACKARD (Model 419) 
gas-liquid chromatograph fitted with a flame ionization detector. 
Compounds were identified by canparison of retention times of aqueous 
standards and samples which were run isothermally at 210°C. 
AMIA/OAMTÎ PRIME EXTRACTION PROCEVURE 
Phenols, including most substituted phenols, were determined by 
a colorimetric procedure on the basis of the condensation of phenol in 
the presence of potassium ferricyanide with 4-aminoantipyrine at pH 10.0 
to form a coloured antipyrine dye. 
A sample aliquot diluted to 100 mis was adjusted to pH 2.0 ± 0.1 
with dilute hydrochloric acid ("ANALAR") and then extracted with 50 ml 
of n-butyl acetate for 3 min in a 250 ml separating funnel. The aqueous 
pliase was then drained off and the remaining organic phase back extracted 
twice with 10 ml of sodium hydroxide solution (1.6M). This alkaline 
extract was subsequently diluted to 100 ml with distilled water and 2 ml 
of ammonium chloride ("UNIVAR"; 5% w/v) was added before adjusting the 
pH to 10.0 ± 0.2. To this solution was added 2.0 ml of 4-aminoantipyrine 
(B.D.H.; 2% w/v fresh daily) and the solution mixed well; 2.0 ml o£ 
potassium ferricyanide reagent ("UNIVAR"; 8% w/v fresh weekly) was then 
added with thorough mixing. The colour was allowed to develop for 15 min 
and the optical density measured against a blank at 510 nm. A 
calibration graph was constructed from staadards worked up by the same 
analytical procedure. 
The modified extraction procedure was tested for efficient 
extraction by use of synthetic standards determined directly and by 
extraction, resulting in an extraction procedure which quantitatively 
extracted phenols, cresols and chlorinated phenols except p-cresol and 
polychlorinated phenols. 
Phenol stock solution was standardised by diluting an aliquot 
(50 ml of Igl"^ phenol) to 100 ml, adding 10.0 ml of bromate-bromide 
solution (O.IN), 5 ml of conc. hydrochloric acid ("UNIVAR") followed 
by gentle swirling of the stoppered flask. Further 10.0 ml portions 
of the bromate-bromide solution were added until the brown colour of 
free bromine persisted. The flask was then stoppered and allowed to 
stand for 10 min. Potassium iodide ("ANALAR"; Ig) was added and mixed 
before titration of the sample with sodium thiosulphate (0.025N) using 
Vitex as indicator. 
The bromate-bromide reagent was made-up by dissolving anhydrous 
potassium bromate ("ANALAR"; 2.784g) and potassium bromide ("ANALAR", 
lOg) crystals in 1 litre of distilled water. The sodium thiosulphate 
reagent was standardised according to the method described in the COD 
test procedure. 
SULPHIDE 
Sulphides, all as S~ion, were detemined using an ORION 
(94-16A) solid state silver/silver sulphide selective ion electrode 
at pH 13. The sample solutions were collected in a 500 ml polythene 
jar and diluted 1:1 with sulphide antioxidant buffer, which contained 
sodium hydroxide (10 g) and ascorbic acid ("ANALAR"; 9 g) in 250 ml to 
prevent oxidation of sulphides by dissolved oxygen or other inorganic 
oxidants (Crombie et al, 1974). 
A sample aliquot (100 ml) was stirred in a beaker in which a 
silver/silver sulphide and calomel electrode pair had been inserted. 
The potential difference between the electrodes was measured by a Philips 
high impedance ion activity meter (Model PW 9414) and recorded for each 
spike of sulphide standard added to the sample. These results were then 
fed into program ADDFIT, listed and described elsewhere, as data for 
the calculation of the initial sample concentration. (See appendix). 
The sodium sulphide ("ANALAR"; 1000 mgl"^) spike solution was 
standardised by potentiometric titration with O.IM lead nitrate 
("ANALAR") using a silver/silver sulphide and calomel electrode couple 
for endpoint detection. 
AMMONIA 
Ammonia was determined as ammonia gas, NH^, in alkaline solution 
using an ORION (95-10) gas sensing electrode with a standard addition 
procedure identical to that used for sulphide. 
The sample was collected and acidified immediately to pH < 4 with 
conc. sulphuric acid ("UNIVAR") to prevent volatilisation losses of 
ammonia as NH^. Prior to analysis a 100 ml aliquot was adjusted to pH 
12 with 10 ml of pH adjuster (McKenzie and Young, 1975) while being 
stirred, in the presence of the ammonia electrode. Using a Philips ion 
activity meter, the potential difference was recorded for each spike of 
ammonium chloride ("UNIVAR"; O.IOM) added. This data was evaluated by 
program ADDFIT. 
The pH adjustment reagent was prepared by dissolving 40 g of 
sodium hydroxide ("ANALAR") and 186 g of EDTA disodium salt ("UNIVAR") 
in distilled water and made up to 500 ml (f̂ fcKenzie and Young, 1975). 
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PEROXY COMPOUNDS 
Caro's Acid was prepared by mixing oleum and high strength hydrogen 
peroxide, yielding a reagent containing H2SO5, H2O2 and H2S20g in 
sulphuric acid. 
To a flask containing 50 ml of sulphuric acid ("UNIVAR"; 1.8M) 
and 3 drops of ferroin indicator, eerie sulphate solution (O.ION) was 
added dropwise until the indicator changed from orange to blue. After 
addition of a few ice cubes and 50.0 ml of arsenious oxide solution 
(O.ION), a sample aliquot was added (l-2g) and the hydrogen peroxide 
present titrated immediately with eerie sulphate solution to the blue 
endpoint, designated A (ml). 
Six drops of osmic acid catalyst (B.D.H.; 0.251 w/v in O.ION 
were then added to the above sample and the unreaeted arsenous 
acid back-titrated with eerie sulphate solution to yield B (ml). 
Finally a further 10.0 ml of arsenous oxide solution was added 
to the sample solution together with 15 ml of cone, sulphuric acid and 
3 marble pieces. The mixture was boiled for 6-8 min, stoppered, cooled 
to room temperature and diluted to 300 ml. After the addition of 2 
drops of ferroin and 6 drops of osmic acid solution, the sample was 
titrated to the blue endpoint with eerie sulphate yielding C (ml). 
A blank (D ml) was carried out by titrating a mixture containing 
50 ml of sulphuric acid (1.8M), 50.0 ml of arsenious oxide solution 
(O.ION), ferroin indicator and 6 drops of osmic acid to the blue end-
point with eerie sulphate solution. 
Results were calculated as follows: 
HO - A X 1.701 X N o, , = 7 : z w/w ^ ^ wt.sample 
H SO = (D-B) X 5.704 x N 
2 5 wt. sample % w/w 
where N was the normality of the eerie sulphate solution which was 
prepared by dissolving 40 g of Ce (804)2 in 56 ml of sulphuric acid (9M) 
with vigorous stirring and frequent additions of distilled water, until 
dissolved. It was then cooled and diluted to 1 litre. This solution 
was standardised against 0.25 g of arsenious oxide taken up in 20 ml 
of sodium hydroxide (51 w/v) with warming, cooled and acidified with 
25 ml of sulphuric acid (3M). 
Two drops of ferroin indicator and 3 drops of osmic acid were 
added before titrating with the eerie sulphate solution to the blue 
colour change. 
Arsenious oxide solution was prepared by dissolving 4.946 g 
of arsenic trioxide (As20y "AiiALAR") in 125 ml of distilled water to 
which 2.5 g of sodium hydroxide has been added; with subsequent 
acidification with 17.5 ml of sulphuric acid (1.8M) and dilution to 
1 litre. 
SALINITY 
Chloride concentration was determined by direct potentiometry using 
an ORION (96-17) chloride selective-ion electrode attached to an ORION 
Nfodel 400 portable pH/mV/concentration meter. No sample pretreatment was 
necessary but to avoid obtaining results in tems of activity measurements 
the meter was calibrated against seawater and diluted seawater (1/10) 
which had been standardised by Potentiometrie titration with silver nitrate 
("ANALAR" O.IOM) using an ORION (94-16A) silver/silver sulphide electrode 
coupled with a Radiometer (K601) mercury/mercury (I) sulphate reference 
electrode. 
ALKALINITY AND ACIDITY 
Alkalinity determinations were carried out according to the 
procedure laid down in Standard Methods (1971) using the apparatus 
described by Edmond (1970) and a Radiometer GK2351C combination pH 
electrode and Titrator TTTl. 
The sample was kept cool (4°) on sampling and brought to room 
temperature before analysis. The calibrated reaction flask was filled 
by means of a siphon and allowed to overflow to remove any bubbles before 
the electrode and burette were inserted and the stopcock closed. The 
flask was stirred using a magnetic slug and the acid added by drawing it 
in with the piston. 
The sample was titrated to pH 4.2 and the pH versus ml of hydro-
chloric acid (O.ION) recorded. The acid was made 0.54M in sodium chloride 
to minimise ionic strength changes during the titration and standardised 
against a O.ION borax solution ("ANALAR"). 
Acidity was determined with O.ION sodium hydroxide solution 
(0.54M in NaCl) standardised against the hydrochloric acid used above. 
Again pH versus volume of titrant was recorded. 
pH - CONDUCTIVITY - TEMPERATURE - SUSPENDED SOLIDS 
'In ̂ ¿tu.' determination of pH was carried out by direct 
potentiometry using an ORION (91-02) combination glass pH electrode in 
conjunction with an ORION series 400 portable pH/mv/concentration meter. 
Ivfonitoring of pH during laboratory experiments was done with a Radiometer 
GK2351C combination glass electrode attached to a Radiometer TTT2 Titrator. 
This system was also used to maintain pH at a predetermined value. 
Conductivity measurements were done with a Radiometer CIM3 
conductivity meter and a Radiometer CDC 304 ijnmersion platinum conductivity 
cell. 
Temperature measurements were in degrees Celsius and were uncorrected. 
Suspended solids were deoned that weight of non-settleable 
particulate matter that was retained on a 0.45 y filter. 
DISSOLVED OXYGEN 
Samples were collected carefully so as to prevent aeration in a 
1 litre polythene DO sample bottle and sealed. Within 1 hour the sample 
was analysed according to the following procedures. 
In the case of blast furnace samples 10 ml of alum solution 
C'ANALAR", 10% AlK (S04)2.12H20 w/v) followed by 2 ml of conc. ammonia 
solution ("UNIVAR") were added, the bottle stoppered, inverted for about 
1 min. and allowed to settle for 10 mins. A sample was then drawn into 
a 250 ml titration flask by syphon, allowing 50% of the volume to over-
flow. Exactly 0.7 ml of conc. sulphuric acid followed by 1 ml potassium 
permanganate solution ("ANALAR"; 0.63% w/v) and 1 ml potassium fluoride 
solution (B.D.H.; 25% KF w/v) were added below the surface of the flask. 
The flask was then stoppered, mixed by inversion and allowed to stand 
for a few minutes. Excess permanganate colour was completely removed by 
adding dropwise up to 1 ml potassium oxalate solution ("UNIVAR"; 2% w/v 
monohydrate) taking care not to have a large excess, followed by mixing 
and standing in the dark for up to 10 min. Then 2 ml of manganese sulphate 
solution ("ANALAR"; 48% w/v tetrahydrate) were added along with 3 ml of 
alkali-iodide reagent ("ANALAR' 50% w/v NaOH plus 15% w/v KI). The 
solution was stoppered and mixed, and the precipitate allowed to settle. 
The sample was ranixed for 20 seconds and the precipitate allowed to 
settle again, at which time 2 ml conc. sulphuric acid was added to the 
neck of the flask, which was then stoppered and the contents mixed. An 
aliquot was taken for titration with standard sodium thiosulphate (0.025N) 
to the starch endpoint. 
In the case of coke ovens samples, the alum treated sample was 
siphoned into the titration flask and the procedure started at the stage 
of manganese sulphate solution addition. Sodium thiosulphate was stand-
ardised by the method described in COD determination, 
DETERMINATION OF IRON 
Total iron was determined (Standard Methods, 1971) by diluting 
a sample aliquot to 50 ml in a 125 ml flask, adding 2 ml conc HCl 
("ARISTAR") and 1 ml hydroxylamine hydrochloride (10% w/v) followed by a 
few glass beads and heating to boiling point until the volume was reduced 
to about 20 ml. The sample mixture was then cooled to room temperature, 
10 ml of ammonium acetate ("ANALAR"; 25% w/v in 12.5M acetic acid, "UNIVAR") 
buffer solution and 2 ml of phenanthroline ("UNIVAR"; 0.1 w/v) solution 
were then added and the sample diluted to 50.0 ml in a volumetric flask. 
2 
The absorbance was measured after 15 mins at 510 nm using 10 mm cells 
and compared with that produced by standards worked up in the same way. 
To determine ferrous iron, the sample was made 0.2M in HCl 
("ARISTAR") immediately upon sampling. An aliquot was diluted to 50 ml, 
and 20 ml of phenanthroline solution and 10 ml of ammonium acetate solution 
were added with vigorous stirring. The sample was diluted to 100 ml and 
absorbance measured as before after 10 min. 
HEAVY METAL ANALYSIS BY ATOMIC ABSORPTION SPECTROSCOPY 
Zinc, lead, copper and cadmium were determined in various samples 
by direct aspiration into a {/(VUxin AA6D atomic absorption spectrophot-
ometer. Saline samples with chloride concentrations up to O.IM could 
be aspirated without causing severe burner clogging or appreciable non-
atomic background interference. For all analyses, non-atomic background 
correction was employed using a hydrogen continuum lamp {l/oAxan TechtAonj 
at the same instrument settings as used for the analyte lamp. The only 
variable altered was the hydrogen lamp current, so as to equalise the 
photon energy falling on the photomultiplier. All other instrument 
settings used were those recommended by the manufacturer (l/oAxan) except 
where sufficient concentration of analyte allowed an enhancenent of 
stability at the expense of a slight reduction in sensitivity. In analyses 
for heavy metals an air-acetylene flame was used with varying flame 
stoichiometry to suit the individual elanent being analysed. 
Standards were prepared from the stock standards described in the 
following section, and made up in a matrix (e.g. NaCl) to approximate 
that of the sample. 
HEAVY METAL ANALYSIS BY POLAROGRAPHY 
Low concentrations of ionic zinc, lead, copper, cadmium, bismuth 
and their polarographically labile complexes were determined by different-
ial pulse and anodic stripping voltammetry according to the procedure 
outlined by Florence (1972). Equipment included a P/UncoXon ApptLo^d 
HoAQAAck (PAR) 174 polarographic analyser, PAR hanging mercury drop 
electrode (FfOE, 9323) in conjunction with a PAR cell assembly (9300 
and 9301) and a Hocuton Jn6tAurmnt6 Qmnigraph Model 2000 X-Y Recorder. 
Mercury used to fill the ĤffiE was MeAck "SUPRAPUR" grade. 
Extreme care was taken in sample and sample vessel preparation; 
all vessels were acid leached in 6M nitric acid ('raiVAR") for at least 
12 hours and rinsed with distilled water immediately prior to use. The 
samples, mostly saline, were made acid with "SLTRAPUR" nitric acid 
(Merck; 1ml/50 mis), except for zinc analyses in which case they were 
buffered with an acetate buffer of Rozhanskaya (1970), which consisted 
of 2M sodium acetate (MeAcfe "SUPRAPUR") and 2M acetic acid (McAcfe 
"SUPRAPUR") mixed in a volume ratio of 9:1 and diluted to 5% of sample 
volume. 
For metal in concentrations above 20ygl ^ the time required to 
concentrate the heavy metals in the mercury amalgam was reduced to 
30-60 seconds plus 20 seconds quiescent time prior to activation of a 
positive anodic stripping scan. Solutions were stirred with a teflon 
coated magnetic slug which was driven by a constant speed magnetic 
stirrer insulated from the sample vessel. Before each analysis the 
sample solutions were deaerated for 10 min with a helium purge tube 
placed below the sample surface. 
In every case, the concentration was determined by the standard 
addition technique using microlitre pipettes (Eppendorf) to add the 
'spike' of stock standards. These stock standards were made up from 
high purity metals (l/eition, Al^a PKoduaU; 99.999%) dissolved in 
"SUPRAPUR" (MeAcfe) nitric acid and diluted with high-purity distilled 
water to yield a metal concentration of 1000 mgl'^ and O.IM in nitric 
acid. 
V i ' - : • " 
\i 4 ' f'Ä • ' ,, ,, 
r^MX " ' Í " > ' 
S i - ' - ' 
s^í (Sfc f S / T ^ j t w »«. rt ' » . 
^ î i " ' l ' ' ' . " 4 • • 1 - > - • 1 . f' V. . 1 (' L . . , 
V • • f -
• ' C í á ' " ' - V • * 
fer) • • - . ' . S i . - - : - v ' ' 
A ' . , / ' ' 
" i ' '* • 
, 'H l . ; . - • f A . 
• ' k! i 1 "í ' 
^ ~ r , ' , s ^ « 
» » ^ * ^ . ' ' • 
•M 
t' r., .j. 
; 1 
iè 
• , 1 „ V - C 
'' ' S ä * * 
' . • ' K J, -il' j , 
-"tíl; - . ' i " v a S M m*-i mJÍ,' *« • 
h ' 
' • t ' Ä t Ä 
• m»<ii 
] : ï 
• 
C P R C G P A M A D D F I T 
I M P L I C I T O C U B I . E F R F i C I S I G N l A - M . C - Z I 
D I M E N S I C ' I C I 2 0 l » V I 2 0 > » C l 2 3 l f X l 2 0 I . Y ( 2 0 i f Z ( 2 0 ) f 
1 S U M V C 2 0 ! . S U M C V t 2 0 1 
C 
O A T A F i l l / S H I A S T C O / 
1 0 A T I 1 2 A 6 I 
1 R E A D 1 0 f ( A N A M E ( I ) t i n f 1 2 1 
i r i A M A M E d l . r Q . F i n i S T O P 
R E A D l l t J f K f N f V C L t A T W T 
1 1 F U R i ^ A T í I 
R E A D 1 2 f ( E I I I , V t i l , C I I I f I : : l . J l 
1 2 F O R V - A T l I 
W R I T E Í 6 f 0 0 2 2 l I A N A M E I I I 1 1 = 1 1 1 2 I 
0 0 2 2 F O R M A T I 1 H I » 1 2 A 6 I 
W R I T E I 6 » 1 0 I I A : 4 A M E I I I » 1 - 1 . 1 2 1 
K A B S r i A B S l K ) 
W R I T E f 6 » 2 0 0 M I K A B S 
2 n o q F C R M A T ( / / / 1 9 X . I S H * « « * * E X P E R I M E N T » 1 3 » 7 H » » • • • / / 
1 5 y » a H O A T A * * * • I 
W R I T E I 6 » 2 0 0 1 I J . V D L 
2 0 0 1 F Ü R ^ 1 A T I 1 5 X » M H J = » I 3 » 5 X » G H V C L = » F 8 , 2 / / ) 
W R I T E I S » 2 0 0 2 I I E 1 1 1 » V ( 1 1 » C I I Í » I - 1 » J I 
2 0 0 2 F U R M A T I 1 5 X » I H E » I I X » I H V » l O X » I H C / / ( 1 2 X » F 8 . 1 » 5 X » F 6 . 2 » 5 X . E 9 < i 3 n 
W R I T E l 5 » 2 0 0 5 I 
2 0 0 5 F G R ^ ^ A T I / / 5 X » 1 1 H R E 3 U L T S . • . . / / 2 O X » 4 H C I N » 1 2 X » 1 H - » 8 X » 5 H E S T A N / / I 
C 
C C A L C U L A T E S U M V I I I » S U M C V I I I 
C 
S ' J M V I I I :: V I H 
S ü M C V I l I r V I I l * C I I » 
D O 2 I = 1 » J 
5 Ü M V I I I - S J M V I I - l I • V I I I 
S U M C V I I I :: S U M C V I I - l l • C l l l * V I I I 
2 C U N T I M U E 
C 
C I i - I I T T A L r S E S » C I M » E S T A M 
C 
S r 5 9 / M 
C I N - I C I 2 M V I 2 I I / M I V C L • V I 2 I 1 * 1 E X P I A L O 6 1 1 0 . 0 1 * 
1 I I E I 2 1 - E I 1 M / S 1 1 1 I - V D L I 
E S T A N - E l l l - I S * A L C G 1 0 I C I N I I 
C 
C I N I T I A L I S E V A R I A B L E S 
C 
L :: 1 
D E L C :: 0 . 0 
D E L S = 0 . 0 
d e l e = 0 . 0 
C 
C C A L C U L A T E N E W V A L U E S O F S » C i N » E S T A N 
C 
3 C I M = C I M • D E L C 
S r S • D E L S 
E r , T A ' I = E S T A N • D E L E 
W R I T r i G . 2 0 0 3 ) C I ^ ^ S » E S T A ^ 
2 0 0 3 F G R M A T I 2 0 X , E 1 0 . 4 , 5 X . F 7 . 3 , 5 X , F 1 0 . 3 I 
I F ( L - 1 I 5 , 5 » q 
M I F i f ( l O O . O t A B S l D E L C I l / G I N I - 0 . 0 H 6 , 6 , 5 
6 C D N C = C I N • A T W T • 1 0 0 0 . 0 
W R I T E I 6 , 2 0 1 I C 0 i N C 
2 0 1 F L R M A T I / / 5 X t l B H C D N C I P . P . M . . . . / / 1 8 X » 6 H C I N 












= f F i o . m 
C A L C U L A T F X I I I , Y I I I , Z I I I 
5 D O 7 T r i , j 
X ( I I = A L O G I O ( ( ( C I N * V D L > • S U M C V 1 1 H / I V D L 
Y I I I : : l S * V 0 1 . M L 0 G 1 0 i E X P ( 1 . 0 l n / C C I N * V C L • 
Z 1 1 » = E l l i - F S T A N - t S * X ( I I I 
7 C O N T I N U E 
• 3 U M V I I I I I 
S U M C V 1 1 ) 1 
T H I S R O U T I N E C A L C U L A T E S T H E L E A S T S Q U A R E S C O E F f l C I E N T S C F 
7 r A * B * X 
I N I T I A L I S E V A R I A B L E S 
S U M X = 0 . 0 
S U M Y r C . O 
S U M Z ^ O . O 
S U M X Y 3 0 . 0 
S U M X Z - 0 . 0 
S U M Y Z - 0 , 0 
S U M X 2 r 0 . 0 
S U W Y 2 = 0 . 0 
D O 8 I = 1 » J 
S U M X r S U r X • 
S U M Y - S U V Y • 
S U M Z - S U M Z • 
S U M X Y - S U M X Y 
S U M X Z r S U M X Z 
S U M Y Z - S U M Y 2 
S U M X 2 - S U M X 2 
Y 2 
8 C C i M T I N U E 
X I I ) 
Y I I J 
2 II) 
• I X I I ) * Y I I ) ) 
• IX ( I ) * Z ( I ) I 
• i Y I I ) * Z I I ) l 
+ IX I I ) * X I I ) ) 
• I Y I I I » Y I I I ) 
D N U M r J « I |SUMX2*SU!^YZ I - I S U M X Z * S U M X Y ) I 
1 - 3 U M X ® I I S U i ' X ^ S U M Y Z ) - I S U M Y * S U M X Z ) ) 
2 • S U ^ ' Z • I I S U M X » S U M X Y ) - I S U M Y • S U M X 2 ) I 
OPIUM r I J * S U M X 2 • S U M Y 2 I - I J * S U MX Y * S U MX Y I 
1 - ( S U M X t S U M X * S U M Y 2 l • I S UM X * S U MX Y » S U MY ) 
2 • I S U M Y * S U M X * S U M X Y I S U M Y » S U M X 2 * S U M Y ) 
del C r D M U M / D N Q M 
E R R M = S U " Z - I D E L C ^ S U M Y ) 
F R R N r S U M X Z - I D E L C * S U M X Y ) 
D E L ^ r I I J ^ E R R N ) - I E R R M * S U M X ) I / I I J * S U M X 2 ) - ( S U H X ^ S U M X ) ) 
D E L E - I E R R M - D F L S * S U M X U J 
m 
i-i • 1 
GD TO 3 
9 CALL EXIT 
EMD 
INPUT FORM/Vr 
Card 1 - Title Card 
Card 2 - J Number of potential readings 
K Positive, negative for last data 
set 
N Ionic charge, negative for anions 
VOL Initial Volume 
Cards 3 to J - E(I) Electrode Potential 
V(I) Volume Increment 
C(I) Concentration of added "spike" 
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